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ABSTRACT
Planar Linear Ion Traps with Microscale
Radii for Portable Mass
Spectrometry
Trevor Keith Decker
Department of Electrical and Computer Engineering, BYU
Doctor of Philosophy
Radio frequency (RF) ion traps based on the quadrupole device developed by Paul and
Steinwedel utilize a dynamic electric field to spatially confine the trajectory of charged particles
and may be employed as mass spectrometers by selectively ejecting trapped molecules based on
the mass to charge ratio. Because of the inherent sensitivity and specificity of this process, ion
trap mass spectrometers have become a popular scientific instrument. In the past two decades
there has been a push to develop portable ion trap mass spectrometers for in situ mass analysis
by geometrically scaling traps to smaller sizes. This decreases the power and vacuum
requirements which allows field portable instruments to use smaller/less powerful vacuum
pumps and batteries.
This dissertation presents the process of miniaturizing the planar linear ion trap (PLIT) to
a microscale radius in order to investigate the scaling limits of mass spectrometers. The ultimate
end goal is the integration of a PLIT into a portable mass spectrometry system. The PLIT
consists of two flat, non-conducting plates, on which fine metal electrodes are patterned using
standard microfabrication processes, including photolithography. An RF field is distributed
across the electrodes to create a quadrupole electromagnetic potential which traps ions based on
their mass to charge ratio. While simple in concept, the PLIT has been developed over a ten-year
period including an investigation of a variety of substrate materials and design geometries. This
dissertation briefly reviews the optimal fabrication flow and why the stated parameters have
advantages over other possible combinations in a coplanar ion trap.
Since ion trap miniaturization reduces the trapping volume (which also worsens the SNR
and resolution of a mass spectrum), a novel RF phase tracking circuit was developed to exploit a
phase locked condition during double resonance ejection. This was implemented on the PLIT to
increase SNR before constructing the µPLIT. Better than unit resolutions (0.5 Da, FWHM) and
SNR improvements were observed.
Lastly, the successful miniaturization of the PLIT to a microscale radius is presented.
This was done by redesigning the electrodes on the PLIT surface to have an equivalent trap
radius (ro) of 800 μm. The μPLIT successfully confined then resonantly ejected ions with
resolutions of approximately 2-3 Da. The performance of the μPLIT was also tested over a range
of pressures from 2.5-42×10-3 Torr and retained resolutions between 2.3-2.7 Da. Ultimately, the
μPLIT was shown to retain resolutions viable for portable mass spectrometry at pressures in the
tens of millitorr while consuming a factor of 3.38 less power than the unscaled PLIT.

Keywords: planar linear ion trap, mass spectrometry, microscale ion trap, ion trap miniaturization
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1

INTRODUCTION

CHAPTER 1.

1.1

INTRODUCTION

Project Overview
Put simply, mass spectrometry is the practice of separating then measuring the masses of

the chemical components found in a sample. This is typically accomplished by ionizing the
molecules in a sample then sorting the ions based on mass to charge ratio [1]. Radio frequency
(RF) mass spectrometers based on the quadrupole ion trap are among the most popular mass
spectrometry devices and have been used in a variety of applications including pharmaceuticals
[2-4], biology [5], and the automotive industry [6].
In the past two decades there has been a push to develop portable ion trap mass
spectrometers for in situ mass analysis by geometrically scaling traps to smaller sizes [7-11].
This decreases the power and vacuum requirements which allows field portable instruments to
use smaller/less powerful vacuum pumps and batteries. It should also be noted that other types of
mass analyzers, such as magnetic [12], capillary electrophoresis [13], and time-of-flight [14; 15],
have also investigated miniaturization. A few areas of interest for portable mass spectrometry
applications would be space exploration [16], clinical diagnostics [17; 18], and agriculture [19].
Multiple varieties of RF ion traps consisting of machined components have been
miniaturized. Patterson et al. of the Cooks’ research group developed miniaturized cylindrical
and rectilinear traps [20-23], Lammert et al. built a miniature toroidal trap [24], and Brinkerhoff
et al. designed a miniature linear ion trap for the ExoMars 2018 Rover [16]. In order to achieve
sub-millimeter (microscale) radii several research teams have also deviated from the traditional
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machining methods and trap configurations, with the marked exception of Kornienko et al. of the
Ramsey group who drilled microscale holes for a cylindrical trap [25]. Specifically, researchers
have sought miniaturization through microfabrication processes. For example, Wright et al.
miniaturized a triple quadrupole mass spectrometer [26] based on the microengineered
quadrupole filter of Malcolm et al. [27] using industry standard microelectromechanical systems
(MEMS) techniques. Chaudhary et al. [28] and Fox et al. [29] also used MEMS techniques to
develop a large array of cylindrical traps and a coaxial ring ion trap respectively. Geear et al.
used deep silicon etching for a quadrupole ion trap [30]. Pau et al. developed a single planar
technique using microfabrication processes for a toroidal trap [31]. Examples of traps that have
been recently integrated into analysis systems include a miniaturized toroidal ion trap in a
portable GC-MS [32]. Gao et al. and Brkić et al. developed miniaturized rectilinear [22] and
linear [33] ion traps, respectively, for hand-held applications.
Unfortunately, miniaturized ion traps suffer from multiple complications that reduce the
performance compared to larger traps: decreased ion density, increased electrode
alignment/surface roughness requirements, and pronounced space charge effects [34-38]. Given
these constraints, new varieties of ion traps are still being investigated to mitigate these issues.
Examples include printed circuit boards (PCB), wire, and digital ion traps [11; 39-46]. The
family of coplanar traps from Brigham Young University falls into this category [7; 47-51].
The planar linear ion trap (PLIT) was developed specifically to take advantage of
micromachining and investigate the scaling limits of mass spectrometers. The PLIT is a twodimensional quadrupole ion trap inspired by the linear ion trap developed by Syka et al. at
Thermo Electronic [52-54]. Unlike more traditional traps, however, that use machined
components, the PLIT is constructed using two facing dielectric substrates on which electrodes
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are lithographically patterned to resemble a linear ion trap. A quadrupolar trapping region is
created by applying an RF distribution to the electrodes. This coplanar method was also used to
create planar Paul, toroidal, and coaxial traps [7; 47; 50; 55].

1.2

Dissertation Organization
Chapter 2 discusses the background theory relevant to my work on the planar linear ion

trap (PLIT). This includes ion confinement, stability, motion, and ejection in a quadrupolar
device. Chapter 3 is a short historical review of the literature for insight into the origins of the
PLIT. Chapters 4 through 6 are based on my original research into the PLIT. Specifically,
Chapter 4 outlines the optimal fabrication procedure of coplanar traps—i.e. how best to fabricate
the PLIT. Chapter 5 presents a novel ion ejection method to compensate for the decreased ion
density mentioned in sub-chapter 1.1. Chapter 6 reports the outcome of miniaturizing the PLIT to
a microscale radius of 800 micrometers—the smallest radius of any coplanar trap as of this
publication. It also contains a discussion of how the trapping parameters in Chapter 2 scale
relative to one another and their effect on RF power consumption. Chapter 7 is a brief
description of equipment and setups that may be relevant to future researchers. The final chapter
summarizes my research and ideas on future improvements.

1.3

Contributions
My research was completed under the advisement of Dr. Aaron Hawkins in collaboration

with Dr. Daniel Austin from the department of Chemistry and Biochemistry department at BYU,
and Dr. Steven Lammert and Dr. Xiao Wang from PerkinElmer, Inc. My unique contributions
can be categorized into three sections: PLIT fabrication optimization, double resonance ejection
using phase tracking circuitry, and PLIT miniaturization to a microscale radius. Each one of
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these contributions corresponds to a specific chapter in this dissertation (Chapters 4 through 6).
For the PLIT fabrication optimization, I redesigned the PLIT from a two-sided design with
through-hole vias to a single sided design with wire bonded connections. The newly designed
PLIT also utilizes a tapered ejection slit to facilitate ion ejection. Afterward, I designed phase
tracking circuitry for double resonance ejection in order to compensate for loss of SNR in future
miniaturized traps. I implemented this circuitry into my ion trap setup and proved its
effectiveness. Lastly, I built a PLIT with a microscale radius which produced mass scans with
resolutions viable for portable mass spectrometry while consuming a factor of 3.38 less power
than the original PLIT.
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ION TRAP MASS SPECTROMETRY THEORY

CHAPTER 2.

ION TRAP MASS SPECTROMETRY THEORY

Radio frequency (RF) ion traps based on the quadrupole device developed by Paul and
Steinwedel utilize a dynamic electric field to spatially confine the trajectory of charged particles
for various applications—most commonly for quantum computing and mass spectrometry (the
former focuses on containing and manipulating a few ions while the latter separates a larger
number of ions based on the mass to charge ratio to evaluate the mass spectrum) [56-68]. Ion
trap mass spectrometers have been used in many applications including pharmaceuticals [2; 3],
clinical diagnostics [17; 18], space exploration [16], biology [5] and the automotive industry [6]
due to their inherent sensitivity and specificity.
This chapter reviews the fundamental theory behind mass selective trapping and ejection
of ions. It is by no means a complete composition, rather a snapshot into mathematics and
principles most relevant to my work with the planar linear ion trap (PLIT). I must also mention
here that much of the mathematical rigor in this work follows that of March and Todd [69] as I
found their derivations to be the most straightforward.

2.1

Quadrupole Ion Trap
The trapping dynamics of the planar linear ion trap (PLIT) is based on the quadrupole ion

trap (QIT) developed by Wolfgang Paul and Helmut Steinwedel of the University of Bonn in the
1950s. The QIT utilizes a dynamic radio frequency (RF) electromagnetic field to spatially
confine the trajectory of a charged particle [63; 65; 69; 70]. The QIT is comprised of three
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machined sections (one ring and two end cap electrodes) where the interior surfaces are defined
by the method developed by Knight [71] such that

and

𝑟𝑟 2 2𝑧𝑧 2
− 2 = 1 (ring electrode)
𝑟𝑟02
𝑟𝑟0

(2-1)

𝑟𝑟 2
𝑧𝑧 2
−
= −1 (endcap electrode),
2𝑧𝑧02 𝑧𝑧02

(2-2)

where 𝑟𝑟0 and 𝑧𝑧0 are geometrical parameters of the QIT as illustrated in Figure 2-1. Traditionally,

𝑟𝑟0 = 2𝑧𝑧0 as seen in Figure 2-1. This hyperbolic structure is also shown in Figure 2-2 which is a
picture of an actual QIT cross-section. Also shown in Figure 2-2 but not Figure 2-1 are small
holes drilled into the end cap electrodes that allow ions to enter/exit the trap.

Figure 2-1: The QIT cross-section defining the parameters ro and zo which pertain to the distance
from the trap center to the ring and endcap electrodes respectively.
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Figure 2-2: A cross-sectional picture of a quadrupole ion trap (QIT). Picture used with
permission from reference [63] © John Wiley & Sons, Ltd.
The term quadrupole is not a reference to the electrode geometry of the QIT, rather the
electromagnetic potential seen in Figure 2-3 where the potential is related to the distance squared
from the center of the trap [69; 72]. The electromagnetic potential 𝜙𝜙𝑥𝑥,𝑦𝑦,𝑧𝑧 at an arbitrary point can
be expressed using rectangular coordinates by the equation
𝜙𝜙𝑥𝑥,𝑦𝑦,𝑧𝑧 = 𝐴𝐴(𝜆𝜆𝑥𝑥 2 + 𝜎𝜎𝑦𝑦 2 + 𝛾𝛾𝑧𝑧 2 ) + 𝐶𝐶,

(2-3)

where 𝐴𝐴 is related to the RF potential, C is any separate fixed potential (e.g. an applied DC
potential), and 𝜆𝜆, 𝜎𝜎, and 𝛾𝛾 are constants. Note the independent nature of the x, y, and z

components in equation (2-3) as it is significant to the ion motion in a trap.
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Figure 2-3: Electromagnetic contour lines of the cross-section of the quadrupole ion trap (QIT)
[72]. The shape of the fields at the center of the image is called a quadrupolar field.
To find the values of 𝜆𝜆, 𝜎𝜎, and 𝛾𝛾 in equation (2-3) let us first assume a charge-free region

so that LaPlace’s equation, ∇2 𝐸𝐸�⃗ = 0, is valid. The Laplacian of equation (2-3) yields
𝜕𝜕 2 𝜙𝜙
= 𝐴𝐴𝐴𝐴
𝜕𝜕𝜕𝜕 2

(2-4)

𝜕𝜕 2 𝜙𝜙
= 𝐴𝐴𝐴𝐴
𝜕𝜕𝜕𝜕 2

(2-5)

𝜕𝜕 2 𝜙𝜙
= 𝐴𝐴𝐴𝐴.
𝜕𝜕𝜕𝜕 2

(2-6)

∇2 𝜙𝜙𝑥𝑥,𝑦𝑦,𝑧𝑧 = 2𝐴𝐴(𝜆𝜆 + 𝜎𝜎 + 𝛾𝛾) = 0.

(2-7)

𝜆𝜆 + 𝜎𝜎 + 𝛾𝛾 = 0.

(2-8)

Thus, the Laplacian of the potential 𝜙𝜙𝑥𝑥,𝑦𝑦,𝑧𝑧 is defined by equations (2-4) through (2-6) where

Disregarding the trivial case where no RF potential is applied (𝜙𝜙0 = 0) equation (2-7) becomes
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Although equation (2-8) has infinite solutions, for the quadrupole ion trap (QIT) 𝜆𝜆 = 𝜎𝜎 = 1 and

𝛾𝛾 = −2 [63; 69]. Finally, the electromagnetic potential of a QIT in rectangular coordinates is
𝜙𝜙𝑥𝑥,𝑦𝑦,𝑧𝑧 = 𝐴𝐴(𝑥𝑥 2 + 𝑦𝑦 2 − 2𝑧𝑧 2 ) + 𝐶𝐶.

(2-9)

Again, notice that the potential is related to the square distance from the center of the trap (i.e.

quadrupolar) with a magnitude represented by 𝐴𝐴 and an offset by 𝐶𝐶. The quadrupolar potential
represented in equation (2-9) is depicted as a surface contour plot in Figure 2-4.

Figure 2-4: A surface contour plot for the pure quadrupolar electromagnetic potential of the
quadrupole ion trap.
2.2

The Mathieu Equation and Ion Stability
The mathematical understanding of ion stability inside of a quadrupole ion trap (QIT) is

based on the second order partial differential equation derived by Mathieu
𝑑𝑑2 𝑢𝑢
+ (𝑎𝑎𝑢𝑢 − 2𝑞𝑞𝑢𝑢 cos 2𝜉𝜉)𝑢𝑢 = 0,
𝑑𝑑𝜉𝜉 2

(2-10)

where 𝑢𝑢 represents the x, y, and z axes, 𝜉𝜉 = Ω𝑡𝑡/2 where Ω is a frequency, 𝑡𝑡 is time, and 𝑎𝑎𝑢𝑢 and

𝑞𝑞𝑢𝑢 are dimensionless parameters [63; 73]. Mathieu originally derived equation (2-10) to model
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the membrane vibrations on a drum head as a set of stable and unstable regions. The trapping
parameters 𝑎𝑎𝑢𝑢 and 𝑞𝑞𝑢𝑢 define regions of stability on the drum head where particles can collect. A

good, physical representation of Mathieu’s equation (and a simplified analogy to ion traps) are
Chladni plates. When a sound wave is applied to the Chladni plates, small particles (e.g. sand)
congregate in regions that satisfy equation (2-10) and make interesting patterns. Ion traps are

analogous to Chladni plates in that the oscillating RF potential creates a region of stability where
ions can accumulate based on their mass to charge ratio. The range of ion masses that can be
contained inside the trap and how to eject ions based on their mass to charge ratio is defined by
the solution of the Mathieu equation of an ion trap.
To apply the Mathieu equation to the quadrupole ion trap discussed in sub-chapter 0, the
potential distribution modeled in equation (2-9) is first converted into cylindrical coordinates.
This transition of coordinate systems is simple since the ring electrode, ideally, applies a
symmetric potential around the z axis. Under this assumption, 𝑥𝑥 2 + 𝑦𝑦 2 = 𝑟𝑟 2 which is substituted
into equation (2-9) such that

𝜙𝜙𝑟𝑟,𝑧𝑧 = 𝐴𝐴(𝑟𝑟 2 − 2𝑧𝑧 2 ) + 𝐶𝐶.

(2-11)

After forming equation (2-11), the variables 𝐴𝐴 and 𝐶𝐶 must be derived. This is done by

equating the potential applied to an ion, 𝜙𝜙0 , as the difference between the ring and endcap

electrode potentials as represented by
𝜙𝜙0 = 𝜙𝜙𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 − 𝜙𝜙𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 .

(2-12)

By recognizing that when 𝑧𝑧 = 0, 𝑟𝑟 = ±𝑟𝑟0 and when 𝑟𝑟 = 0, 𝑧𝑧 = ±𝑧𝑧0 , a simple substitution using

equation (2-11) yields
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and

𝜙𝜙𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = A(𝑟𝑟02 ) + C

(2-13)

𝜙𝜙𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = A(−2𝑧𝑧02 ) + C.

(2-14)

𝜙𝜙0 = 𝐴𝐴(𝑟𝑟02 + 2𝑧𝑧02 ).

(2-15)

Applying equations (2-13) and (2-14) to equation (2-12) produces

Solving equation (2-15) for A gives
A=

𝑟𝑟02

and from there
𝜙𝜙𝑟𝑟,𝑧𝑧

𝜙𝜙0
+ 2𝑧𝑧02

(2-16)

𝜙𝜙0 (𝑟𝑟 2 − 2𝑧𝑧 2 )
=
+ 𝐶𝐶.
𝑟𝑟02 + 2𝑧𝑧02

(2-17)

In order to solve for C, a few assumptions regarding quadrupole ion trap (QIT) operations
must be made. According to March and Todd, the end-cap electrodes are typically grounded
while an RF potential is applied to the ring electrode [69]. In other words, the potential at 𝑟𝑟 = 0
and 𝑧𝑧 = 𝑧𝑧0 equals 0 such that
𝜙𝜙0,𝑧𝑧0 =

𝜙𝜙0 (0 − 2𝑧𝑧02 )
+ 𝐶𝐶 = 0
𝑟𝑟02 + 2𝑧𝑧02

(2-18)

and (using algebra)

2𝜙𝜙0 𝑧𝑧02
C= 2
.
𝑟𝑟0 + 2𝑧𝑧02

(2-19)
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Using the solutions for A and C in equations (2-16) and (2-19), respectively, in conjunction with
equation (2-11), the equation for the quadrupolar potential is
𝜙𝜙𝑟𝑟,𝑧𝑧 =

𝜙𝜙0 (𝑟𝑟 2 − 2𝑧𝑧 2 )
2𝜙𝜙0 𝑧𝑧02
+
.
𝑟𝑟02 + 2𝑧𝑧02
𝑟𝑟02 + 2𝑧𝑧02

(2-20)

Since equation (2-20) still lacks a representation for 𝜙𝜙0 , let us assume that the RF

potential can be represented as a function of time by the equation
𝜙𝜙0 = U + V cos Ω𝑡𝑡,

where U is the DC component, V is the amplitude, and Ω is the radial frequency. A quick

(2-21)

substitution from equation (2-21) into (2-20) yields
𝜙𝜙𝑟𝑟,𝑧𝑧 =

(U + V cos Ω𝑡𝑡)(𝑟𝑟 2 − 2𝑧𝑧 2 ) 2(U + V cos Ω𝑡𝑡)𝑧𝑧02
+
.
𝑟𝑟02 + 2𝑧𝑧02
𝑟𝑟02 + 2𝑧𝑧02

(2-22)

Next, the motion of an ion under the potential described in equation (2-22) is defined.
Since the radial and axial components are independent, the axial force acting on an ion is
𝐹𝐹𝑧𝑧 = −e �

𝑑𝑑𝑑𝑑
4(U + V cos Ω𝑡𝑡)𝑧𝑧
� = 𝑒𝑒
𝑑𝑑𝑑𝑑 𝑟𝑟
𝑟𝑟02 + 2𝑧𝑧02

(2-23)

and represented classically as
𝐹𝐹𝑧𝑧 = 𝑚𝑚

𝑑𝑑 2 𝑧𝑧
,
𝑑𝑑𝑑𝑑 2

where m is the mass of a particle in Kg. By equating equations (2-23) and (2-24)
𝑑𝑑 2 𝑧𝑧
4𝑒𝑒(U + V cos Ω𝑡𝑡)𝑧𝑧
𝑚𝑚 2 =
.
𝑑𝑑𝑑𝑑
𝑟𝑟02 + 2𝑧𝑧02

(2-24)

(2-25)
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This is algebraically rearranged to somewhat resemble the Mathieu equation, where
𝑑𝑑2 𝑧𝑧
4𝑒𝑒𝑒𝑒
4𝑒𝑒𝑒𝑒
=�
+
cos Ω𝑡𝑡� 𝑧𝑧.
2
2
2
2
𝑑𝑑𝑑𝑑
𝑚𝑚(𝑟𝑟0 + 2𝑧𝑧0 ) 𝑚𝑚(𝑟𝑟0 + 2𝑧𝑧02 )

(2-26)

Equation (2-26) introduces the relationship between the mass of a particle and its charge.
However, to equate the Mathieu equation to (2-26), the notation operator
𝑑𝑑2 𝑢𝑢 Ω2 𝑑𝑑 2 𝑢𝑢
=
𝑑𝑑𝑑𝑑 2
4 𝑑𝑑𝑑𝑑 2

(2-27)

Ω2
Ω2
𝑑𝑑2 𝑧𝑧
+ � 𝑎𝑎𝑧𝑧 − 2 𝑞𝑞𝑧𝑧 cos 2𝜉𝜉� 𝑧𝑧 = 0.
4
4
𝑑𝑑𝑡𝑡 2

(2-28)

used by March and Todd [69] is applied to equation (2-26) where 𝑢𝑢 = 𝑧𝑧, such that

Lastly, the trapping parameters of QIT in the axial dimension can be found by
−�

Ω2
Ω2
4𝑒𝑒𝑒𝑒
4𝑒𝑒𝑒𝑒
𝑎𝑎𝑧𝑧 − 2 𝑞𝑞𝑧𝑧 cos 2𝜉𝜉� 𝑧𝑧 = �
+
cos Ω𝑡𝑡�,
2
2
2
4
4
𝑚𝑚(𝑟𝑟0 + 2𝑧𝑧0 ) 𝑚𝑚(𝑟𝑟0 + 2𝑧𝑧02 )

(2-29)

from which the following can be derived:
𝑞𝑞𝑧𝑧 =
𝑎𝑎𝑧𝑧 =
𝑞𝑞𝑟𝑟 =
𝑎𝑎𝑟𝑟 =

𝑚𝑚(𝑟𝑟02

8𝑒𝑒𝑒𝑒
,
+ 2𝑧𝑧02 )Ω2

(2-30)

−16𝑒𝑒𝑒𝑒
,
𝑚𝑚(𝑟𝑟02 + 2𝑧𝑧02 )Ω2

(2-31)

−4𝑒𝑒𝑒𝑒
,
𝑚𝑚(𝑟𝑟02 + 2𝑧𝑧02 )Ω2

(2-32)

8𝑒𝑒𝑒𝑒
.
𝑚𝑚(𝑟𝑟02 + 2𝑧𝑧02 )Ω2

(2-33)
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The final solution of the Mathieu equation for the quadrupole ion trap (QIT) can be done
graphically by solving for the radial and axial components separately then evaluating where the
graphs intersect. These intersecting sections are called “stability regions” of which there is one
primary stability region of interest. Figure 2-5 represents the solutions for the radial and axial
components and Figure 2-7 shows the primary stability region which is commonly referred to as
the stability diagram. More detailed images of the stability diagram can be found in the following
references: [63; 69; 74].

Figure 2-5: The solutions to the Mathieu equation for the radial component (a) and the axial
component (b) for the primary stability region of interest. Figure used with permission from
reference [63] © John Wiley & Sons, Ltd.

15

Figure 2-6: The intersection of the radial and axial solutions to the Mathieu equation shown in
Figure 2-5. The primary stability region is highlighted and labeled as A. Figure used with
permission from reference [63] © John Wiley & Sons, Ltd.

Figure 2-7: The diagram of the primary stability region for the primary quadrupole ion trap.
Figure used with permission from reference [63] © John Wiley & Sons, Ltd.

16

Figure 2-7 and equations (2-30) through (2-33) reveal how an ion trap is sensitive to the
mass of a particle. Basically, given a specific QIT geometry, an applied RF potential will
spatially confine particles inside the trap. Because the trapping parameters are dependent on the
mass to charge ratio (m/z) of an ion, each m/z is mapped to unique values of 𝑞𝑞 and 𝑎𝑎. If the 𝑞𝑞

and 𝑎𝑎 values of a charged particle correspond to a location within the stability diagram of Figure
2-7 then the ion has to potential be trapped inside the QIT. Masses with an m/z such that the 𝑞𝑞
and 𝑎𝑎 values do not map to a point within the stability region are considered “unstable” and

cannot be contained. Mass spectrometry with the QIT depends on this relationship between m/z
and stability since particles need only be ejected according to their m/z in order to evaluate an
analyte (ion ejection is discussed in detail in sub-chapter 2.6). However, although the 𝑞𝑞 and 𝑎𝑎
values of a charged particle may map onto the stability diagram, the ion might not be trapped
inside a QIT. The following section and chapter 6 review this concept.

2.3

Pseudopotential Well Model
An astute observation of the stability diagram in Figure 2-7 reveals that the 𝑞𝑞 and 𝑎𝑎

values for both the radial and axial components intersect at 𝑞𝑞𝑢𝑢 = 𝑎𝑎𝑢𝑢 = 0. This indicates that a

particle of near infinite mass could, theoretically, be confined inside the ion trap. Practically,

however, performing mass spectrometry with large masses is difficult. For one, larger masses
congregate toward the center of the trap and “crowd out” smaller ions. But more importantly,
Dehmelt was able to explain the relationship between particle mass and “trapability” through the
pseudopotential well model where a pseudopotential well is created by the quadrupolar fields in
Figure 2-4 and is represented as a parabolic relationship in Figure 2-8 [63].
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Figure 2-8: Representation of the parabolic trapping potentials of well depths Dz and Dr. Figure
used with permission from reference [63] © John Wiley & Sons, Ltd.
Basically, the pseudopotential well model compares the kinetic energy of an ion to the
energy of the applied RF potential. The magnitude of the potential well in the axial dimension as
defined by March [63] is
1
𝑞𝑞 𝑉𝑉
8 𝑧𝑧

(2-34)

1
� 𝑟𝑟 = 𝑞𝑞𝑟𝑟 𝑉𝑉.
D
8

(2-35)

� 𝑧𝑧 =
D

and in the radial dimension as

Equations (2-37) and (2-38) define the maximum kinetic energy that an externally generated ion
may possess and still be trapped [63; 69]. Conversely, equations (2-37) and (2-38) also define the
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minimum energy needed to expel an ion from the trap. Recalling that the kinetic energy of a
moving particle is
E𝑘𝑘 =

1
𝑚𝑚𝑣𝑣 2 ,
2

(2-36)

where 𝑣𝑣 is the velocity of mass 𝑚𝑚, it is easy to see why masses at lower q values or higher

masses are harder to trap. The kinetic energies of those particles are too large for the potential
well. This is demonstrated in Figure 2-9.

Figure 2-9: A visualization of the pseudopotential well where large masses (a) have enough
kinetic energy to overcome RF fields but smaller masses (b) do not.
Dehmelt’s derivation of the pseudopotential well depth given in equations (2-37) and
(2-38) does not account for collisional interactions. Typically, a buffer gas (e.g. Helium,
Nitrogen) is introduced into the vacuum chamber to collisionally cool ions which reduces the
kinetic energy of an ion [64; 65; 75]. According to March and Todd, resolutions greater than 1
Da (i.e. differentiating between a single proton or neutron) were only achieved after the
introduction of Helium as a buffer gas for the Finnigan trap [69].
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2.4

Higher Order Fields
The derivation of equations (2-29) through (2-33) required a few assumptions: no space

charges, the RF consists of only one frequency, and the potential inside the trap is purely
quadrupolar. This section focuses on the non-quadrupolar fields inside the trap. The other two
assumptions, although non-optimal, are more straightforward to understand. Space charges are
introduced by the presence of ions within the trap. Obviously, space charges are unavoidable, but
the effect is well documented, and several solutions exist to somewhat mitigate the effects (such
as applying extra DC voltage to return the trap to an equilibrium) [35; 76-79]. A polychromatic
(multi-frequency) RF causes issues because the 𝑞𝑞 and 𝑎𝑎 values for a specific m/z are essentially

smeared over a certain range [80]. This causes peak broadening during an ion mass scan. Using a
high-Q RF generator is imperative for high-resolution mass scans [81].
Non-quadrupolar fields arise in a quadrupole ion trap (QIT) because the ring and endcap
electrodes must be truncated at some point [69; 82]. The truncation of the electrodes causes
resonant “overtones” (like a musical instrument) of higher orders to appear inside the trap
potential [83]. Skipping the mathematical derivation of the higher order fields, the equation for
the QIT potential with the higher order fields (i.e. equation (2-20) but with the inclusion of
higher order components) as defined by March and Todd [69] is
𝜙𝜙𝑟𝑟,𝑧𝑧

𝑟𝑟 2 − 2𝑧𝑧 2
3𝑟𝑟 2 z − 2𝑧𝑧 2
3𝑟𝑟 4 − 24𝑟𝑟 2 𝑧𝑧 2 + 8𝑧𝑧 4
= 𝜙𝜙0 �𝐴𝐴2
+ 𝐴𝐴3
+ 𝐴𝐴4
2𝑟𝑟02
8𝑟𝑟02
2𝑟𝑟03
+ 𝐴𝐴5

15𝑟𝑟 4 z − 40𝑟𝑟 2 𝑧𝑧 3 + 8𝑧𝑧 5
8𝑟𝑟05

5𝑟𝑟 6 − 90𝑟𝑟 4 𝑧𝑧 2 + 120𝑟𝑟 2 𝑧𝑧 4 − 16𝑧𝑧 6
+ 𝐴𝐴6
�,
16𝑟𝑟06
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(2-37)

where 𝐴𝐴𝑛𝑛 are arbitrary coefficients. Notice that if 𝐴𝐴2 = 1 and all other 𝐴𝐴 terms equal 0 then

equation (2-37) is equivalent to equation (2-20). This is what is meant by a pure quadrupolar
field. The terminology for 𝑛𝑛 = 0,1,2,3,4,5,6 are called monopole, dipole, quadrupole, hexapole,
octupole, and dodecapole, respectively.

It should be noted that equation (2-37) is intended for the QIT in sub-chapter 2.1 which
does not include the monopole or dipole components (i.e. 𝐴𝐴0 = 0 and 𝐴𝐴1 = 0). This is simply

assuming no added DC components (n=0) and that the applied RF is symmetric (the end caps are
brought to the same potential). All other 𝐴𝐴 values for each order are determined by the trap
configuration/geometry and are typically determined through computer simulations [74].

For many decades, higher order fields were considered detrimental to ion trap mass
spectrometry. Artifacts, like ghost peaks [84], are due to the non-linear nature of these fields.
Methods to compensate for non-ideal higher order fields, such as trap stretching [85], were
implemented in order achieve a nearly-pure quadrupole potential. However, since about the late
1980s and early 1990s higher order components have been used to increase mass resolution [82;
86; 87]. For example, higher order components can be utilized to enhanced ion ejection. This is
discussed in greater detail in sub-chapters 2.6 and 2.7.

2.5

Ion Secular Frequencies
Ion traps like the QIT do not spatially suspend charged particles. Instead, the flight path

of an ion is confined to a specific volume. Like layers of an onion, each m/z has a unique
trajectory with larger masses accumulating near the center of the trap and lighter masses orbiting
on the peripheries [88]. Figure 2-10 is a simulation of an ion’s trajectory in a QIT. Notice the
superposition of the quadrupolar saddle shape (see Figure 2-4) and extra high frequency
micromotions. The time period in which the ion traverses the saddle shape in Figure 2-4 is a
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harmonic secular motion and, as will be shown in this sub-chapter, is dependant on the m/z of an
ion. The frequency of the micromotion is the RF drive frequency and has minimal effect on the
ion trajectory at the trap center [64]. Since ion motion is dominated by the harmonic secular
motions and the micromotion induced by the RF does not have a correlation to m/z (to the first
order), the micromotions are often ignored for simplicity (as is the case in this work).

Figure 2-10: An example of the travel path of an ion in a QIT. Notice the superposition of the
quadrupolar fields seen in Figure 2-4 and the secular frequencies. Figure used with permission
from reference [63]
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According to McLachlan [89] and March and Londry [90], the secular frequencies can be
characterized as a composite of axial and radial frequencies with the form
1
𝑤𝑤𝑢𝑢,𝑛𝑛 = (n + 𝛽𝛽𝑢𝑢 )Ω
2

(2-38)

1
𝑤𝑤𝑢𝑢,𝑛𝑛 = −(n + 𝛽𝛽𝑢𝑢 )Ω
2

(2-39)

for 0 ≤ 𝑛𝑛 < ∞ and

for −∞ < 𝑛𝑛 < 0. Recall that the subscript 𝑢𝑢 refers to the Mathieu equation and contains both

radial and axial components, and that Ω is defined in sub-chapter 2.2 as the frequency of the RF
potential. Assuming the fundamental frequency (i.e. 𝑛𝑛 = 0)
1
𝑤𝑤𝑢𝑢 = 𝛽𝛽𝑢𝑢 Ω.
2

(2-40)

Since the term 𝛽𝛽𝑢𝑢 is derived from the solution to the Mathieu equation and is determined by the

𝑞𝑞 and 𝑎𝑎 values for a specific ion, 𝑤𝑤𝑢𝑢 is the secular frequency of an ion in the axial and radial

directions in radians. March and Londry [90] provide a complete solution for 𝛽𝛽𝑢𝑢 , but Dehmelt

[91] proved that, for small values of 𝑞𝑞 and 𝑎𝑎, 𝛽𝛽𝑢𝑢 can be approximated as
𝛽𝛽𝑢𝑢,𝑛𝑛 ≈ �𝑎𝑎𝑢𝑢 +

𝑞𝑞𝑢𝑢2
.
2

(2-41)

It is vital to note that the radial and axial components of 𝛽𝛽𝑢𝑢 exist as lines in the stability region
depicted in Figure 2-5. This is shown in Figure 2-11 where the components of 𝛽𝛽𝑢𝑢 are mapped

onto the stability diagram. Put simply, the secular frequencies of an ion depend on its location on
the stability diagram.
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Figure 2-11: A representation of the stability diagram of a QIT where the β lines of the radial and
axial components are depicted.
2.6

Non-Linear Resonance
As discussed in sub-chapter 2.3, the QIT potential field contains overtone frequencies at

higher orders than the quadrupolar potential—these are often called multipoles. For example, the
hexapolar and octopolar potentials (n=3 and n=4 from equation(2-37)) depend on the distance
cubed and distance to the fourth, respectively, from the center of the trap. If the higher order
fields are strong enough, then ions can interact with those fields in a similar manner to the QIT
or linear mass analyzer. For example, the RF hexapole ion trap by McDonnel et al. [92] or the
octopole linear trap from Wilcox et al. [93] utilize higher order fields instead of quadrupolar.
The QIT does not exhibit trapping behavior at higher orders. However, this does not
mean the overtone frequencies do not affect the performance of the QIT. Recall from sub-chapter
2.5 that the flight path of an ion is comprised of the secular frequencies. If one of the multipole
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frequencies matches an ion’s secular frequency, energy from the RF is coupled to the ion which
exponentially amplifies the ion’s flight trajectory [82; 94]. This can cause unwanted ejection of
ions from the trap.
Clearly, nonlinear resonances due to the higher order multipoles have significant
downsides– hence the motivation for a pure quadrupolar potential discussed in sub-chapter 0
[82]. As such, it is important to know where in the stability diagram these nonlinear resonances
occur. This is done by solving the general equation
𝑛𝑛𝑟𝑟 𝑤𝑤𝑟𝑟 + 𝑛𝑛𝑧𝑧 𝑤𝑤𝑧𝑧 = vΩ,

(2-42)

where 𝑤𝑤𝑟𝑟 and 𝑤𝑤𝑧𝑧 are the components of the secular frequencies in sub-chapter 2.5, Ω is the RF

frequency, and 𝑛𝑛𝑟𝑟 , 𝑛𝑛𝑧𝑧 , and v are integer values [82]. The integer value of 𝑛𝑛𝑟𝑟 is even for all

multipoles, and 𝑛𝑛𝑧𝑧 is even for even multipoles (e.g. n=2,4,6) but any integer for odd multipoles.

According to Franzen, v=1 is the only interesting inter value for v since resonances have only
been found for v=0,1 but there is no energy uptake for the v=0 resonances [82].

Discrete β lines of nonlinear resonance are found by equating the secular frequencies in
equation (2-29) to the values for β in equations (2-38) through (2-40) with the integer values for
n and v discussed earlier. Franzen provides a detailed account of the mathematical derivations
and mapping onto the stability diagram of the specific nonlinear resonances lines for each
multipole [83]. This is depicted in Figure 2-12 through Figure 2-14 where Figure 2-12 illustrates
the transformation used to create the rectangular regions, Figure 2-13 contains the nonlinear
resonance lines for the hexapole and octopole multipoles, and Figure 2-14 contains the nonlinear
resonance lines for the decapole and dodecapole multipoles. The subscripts r and z refer to the
radial and axial components respectively. Figure 2-13 and Figure 2-14 also include the 𝑎𝑎 = 0
line for reference which corresponds to a DC component of 0 volts.
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Figure 2-12: A transformation of the primary stability region onto a square to visualize various β
lines and nonlinear resonances as straight lines as exemplified by the arbitrarily chosen β line
located at βz = 0.35.

Figure 2-13: The nonlinear resonances for the hexapole (left) and octopole (right) components.
Figures used with permission from reference [83]
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Figure 2-14: The nonlinear resonances for the decapole (left) and dodecapole (right)
components. Figures used with permission from reference [83]

2.7

Ion Ejection
To use an RF ion trap as a mass spectrometer, the trapped ions must be selectively

ejected according to their mass to charge ratio (m/z) and detected. Thankfully, as demonstrated
in sub-chapter 2.2, each m/z maps to a specific point on the stability diagram. Thus, ions need
only be ejected in order of their respective q values. This is illustrated in Figure 2-15 where a
collection of ions was trapped, then lighter masses were selectively expelled from the trap
toward a detector while larger masses remain unaffected. There are several ways to accomplish
mass-selective ejection but only three are relevant to this dissertation: boundary, resonance, and
double resonance.
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Figure 2-15: Selective ejection of a mass with low m/z while larger masses at the center of the
ion cloud remain undisturbed inside the trap.
2.7.1

Boundary Ejection
Possibly the most straightforward method, boundary ejection involves adjusting the RF

parameters such that the q value for an arbitrary ion falls outside of the stability diagram. Figure
2-16 is a representation of what a mass scan using boundary ejection might look like. Ions are
created externally (possible with an electron gun with a tungsten filament) while the RF voltage
amplitude is held constant. After a brief cooling period, the RF voltage amplitude is linearly
increased to force ions outside of the stability region. Note that equations (2-30) through (2-33)
are linearly proportional to the voltage amplitude. This means that for Figure 2-17, which shows
a possible mapping of a few m/z during the mass scan of Figure 2-16, each m/z will be ejected at
linear increments. As an example, notice that in Figure 2-17b one of the masses, the lightest
mass, has been ejected from the trap and the next lightest mass has a q value on the edge of the
stability region. The q value at the axis is 0.908.
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Figure 2-16: A waveform diagram for a mass scan using boundary ejection.

Figure 2-17: Boundary ejection from a QIT. After ionization, each ion can be mapped onto the
stability diagram based on its unique m/z (a). By ramping the RF voltage, the q values of the ions
can be increased (b) which ejects masses that pass the stability diagram boundary.

2.7.2

AC Resonance Ejection
Beginning with Tucker et al. in 1988, a supplementary dipolar AC voltage has been used

to resonantly eject ions at specific points of the stability diagram [95]. This technique has been
used to increase resolution [96], selectively eject masses [97; 98], and create custom scan
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methods [99; 100]. AC resonance ejection is possible because of the secular frequencies of ion
motion discussed in sub-chapter 2.5. If an additional AC voltage frequency (separate from the
RF) matches an ion’s secular frequency, then energy is coupled from the AC to the ion.
Figure 2-18 depicts the waveforms of a possible AC resonance scan which results in
Figure 2-19. Notice the resemblance to Figure 2-16 and Figure 2-17. In both sets of figures, the q
values of each m/z are increased by ramping the RF voltage amplitude. However, in Figure 2-19
the applied AC voltage from Figure 2-18 creates a resonance line along the βz ≈ 0.75 line.

Consequently, as the two lighter masses passed through the βz ≈ 0.75 line, they were ejected
from the trap.

Figure 2-18: A waveform diagram for a mass scan using AC resonance ejection.
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Figure 2-19: AC resonance ejection from a QIT. An applied AC waveform creates a resonance
line inside of the stability region (a). Increasing the RF amplitude can move ions onto the
resonance line which causes ions to take up energy from the AC and exit the trap (b).
Creating a resonance line for a specific value of βz or βr is based on equation (2-40) for
1

the secular frequency of ion motion where 𝑤𝑤𝑢𝑢 = 2 𝛽𝛽𝑢𝑢 Ω. For example, to create a resonance at

βz = 0.75, like in Figure 2-19, an AC waveform is applied to the endcap electrodes such that the
1

3

frequency is equal to three-eighths of the RF frequency (i.e. w = �2� �4� Ω). The voltage
amplitude of the AC can either be determined experimentally or derived from the
pseudopotential well model discussed in section 2.3.

Obviously, AC resonance is a versatile process since, according to equation (2-40),
resonance lines can be created at any point in the stability diagram. For example, the AC
frequency could be adjusted over time to eject masses based on their m/z instead of ramping the
RF [44; 99; 101]. AC resonance can also be used in ways that do not result in a mass scan such
as removing unwanted ions during ionization (ion isolation), promoting endothermic ionmolecule interactions, and increasing ion-molecule collisions for ion dissociation [63; 102; 103].
AC resonance also has the benefit of increasing the mass range of a scan over the same RF
voltage amplitudes which results in faster acquisition of a mass spectrum.
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2.7.3

Double Resonance Ejection
Double resonance ejection is a subset of AC resonance ejection. In sub-chapter 2.7.2 it

was shown that the addition of an AC voltage to the endcap electrodes creates a resonance line in
the stability diagram. However, sub-chapter 0 describes nonlinear resonances already present
inside an ion trap due to higher order multipoles. Double resonance ejection combines these two
resonances for high resolution mass scans [104-106]. This is done by selecting AC frequencies
which correspond either exactly with, or slightly lower than, a nonlinear resonance. The AC
resonance point pushes ions away from the trap center (where the nonlinear resonances are
weak) into the higher order fields. Figure 2-20 shows a double resonance ejection where βz =

2/3 which corresponds to a hexapole resonance in Figure 2-13.

Figure 2-20: Double resonance ejection from a QIT. An applied AC waveform pushes ions from
the trap center into the higher order fields (a). Increasing the RF amplitude can move ions onto
the resonance line which causes ions to take up energy from the AC/nonlinear resonance and exit
the trap (b).
2.8

Linear Ion Trap
The linear ion trap (LIT) was developed by Bier and Skya based on the linear quadrupole

mass analyzer [52; 53; 107-110]. It is a versatile instrument which has been integrated into
multiple mass spectrometry systems for either hybrid or multi-stage arrangements [109; 111]. A

32

linear ion trap is comprised of four linear hyperbolic electrodes centered around a central axis
and two end cap electrodes as shown in Figure 2-21 [112]. The central section of the LIT induces
a 2D quadrupolar potential like the cross-section of a 3D quadrupolar potential in sub-chapter
2.1. The term 2D does not refer to the LIT geometry, rather that the LIT does not have a
quadrupolar potential in the axial direction. To axially confine ions, the endcap electrodes are
brought to a repulsive DC potential.

Figure 2-21: A 3D model representation of a linear ion trap. Note that the hyperbolic cross
section extends the entire length of the trap. The ion ejection/introduction slits are not shown.
Obviously, the 2D nature of the LIT yields a slightly different stability diagram than the
QIT. However, the derivation for the LIT follows the same pattern but with the constants 𝜆𝜆 = 1,
𝜎𝜎 = −1 and 𝛾𝛾 = 0 such that the quadrupolar potential is
𝜙𝜙𝑥𝑥,𝑦𝑦 = 𝐴𝐴(𝑥𝑥 2 − 𝑦𝑦 2 ) + 𝐶𝐶.
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(2-43)

Solving for the trapping parameters like equations (2-30) through (2-33) gives
𝑎𝑎𝑥𝑥 = −𝑎𝑎𝑦𝑦 =

8𝑒𝑒𝑒𝑒
𝑚𝑚𝑟𝑟02 Ω2

(2-44)

𝑞𝑞𝑥𝑥 = −𝑞𝑞𝑦𝑦 =

4𝑒𝑒𝑒𝑒
,
𝑚𝑚𝑟𝑟02 Ω2

(2-45)

and

using the same variable notation used in sub-chapter 2.2 [112]. Because the trapping parameters

are not equivalent to the QIT, the stability diagram also differs from that in Figure 2-7 as seen in
Figure 2-22. By simple comparison, the trapping parameters of the LIT in equations (2-44) and
(2-45) differ only slightly; the LIT coefficients are scaled and the geometrical component lacks
the +2𝑧𝑧02 element.

Figure 2-22: The stability diagram for the quadrupolar cross section in a linear ion trap plotted
based versus the U and V components of the applied RF. Figure used with permission from
reference [113] © American Society for Mass Spectrometry
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Further mathematical derivations also show that the secular motion of the ions and
nonlinear resonances in an LIT is synonymous to the QIT which allows for the same ion ejection
methods [114-116]. However, in resonance ejection the applied AC can also be applied to the x
or y components. This allows ions to be ejected in either the axial or radial directions which
allow differing applications.

2.8.1

Non-Resonant Axial Ejection
An LIT that employs non-resonant axial ejection is essentially a linear quadrupole mass

analyzer or quadrupole mass filter (QMF) [110; 117]. In a QMF, the trajectory of incoming ions
is influenced by a dynamic electric field such that ions of specific masses are filtered away. This
is shown in Figure 2-23 where the lighter mass in Figure 2-23a is able to pass through the
quadrupolar potential but the heavier mass in Figure 2-23b becomes unstable and is radially
ejected. For a linear ion trap, like in Figure 2-21, the center quadrupolar section is essentially a
QMF.

Figure 2-23: An example of the basic operations of a quadrupole mass filter (QMF). Ions with
specific m/z are able to pass through the filter (left) whereas other ions become unstable and are
ejected (right).
A sample application for the LIT with non-resonant axial ejection for protein array
production is provided in Figure 2-24 by Blake et al. [118]. Ions were injected into the trap,
cooled, then dumped onto a surface based on their respective mass to charge ratio in order to
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isolate specific proteins or peptides. The ejection process for this application was interesting
because all ions were dumped simultaneously by adjusting the DC potential across the trap.
Resonance axial ejection can also be used to eject ions [115].

Figure 2-24: An example application of axial ejection where the step function height represents
the magnitude of the DC potential. Used with permission from reference [118] © ACS
Publications
2.8.2

Radial Ejection
Radial ejection from a linear ion trap is analogous to the quadrupole ion trap because, as

mentioned previously, the mathematics for the secular motions of the ions is nearly identical
which allows for the same ion ejection methods [114-116]. For radial ejection from an LIT the
AC voltage is applied to one set of rods to enhance the radial component of the secular motion.
Figure 2-25 shows radial ejection from an LIT.
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Figure 2-25: An example of radial ejection from a linear ion trap. The colored dots represent
simulated ions, and the black features represent the trap. Figure used with permission from
reference [119] © American Society for Mass Spectrometry
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PLANAR LINEAR ION TRAP ORIGINS

CHAPTER 3.

PLANAR LINEAR ION TRAP ORIGINS

Ion trap mass spectrometry is a rich and ever-expanding field with applications in diverse
fields such as vacuum science [120], forensic science [121], analytical chemistry [122], and
essential oils [123]. This is due to the sensitivity, specificity, and ability to operate at relatively
higher pressures inherent of ion traps themselves. As explained in Chapter 1, portable ion trap
mass spectrometry would open up further applications in areas like space exploration [16],
clinical diagnostics [17; 18], and agriculture [19]. The planar linear ion trap (PLIT) was
developed specifically to research ion trap miniaturization with the ultimate goal of in situ mass
analysis. But a comparison of the PLIT to the quadrupole ion trap (QIT) discussed in Chapter 2
and shown in Figure 3-1 does not easily reveal how these two devices are related. This chapter is
a broad overview of ion trap mass spectrometer miniaturization efforts and, by extension, a brief
look into the origins of the PLIT.

Figure 3-1: A comparison of the planar linear ion trap (left) to the quadrupole ion trap (right).
Picture used with permission from reference [63] © John Wiley & Sons, Ltd.

38

3.1

Motives for Miniaturization
Originally, ion trap miniaturization was focused on increasing the mass spectrum range

[62; 124]. By reducing the radius of the quadrupole ion trap (QIT), a longer range of m/z values
could be interrogated with the same linear RF voltage scan. But since the 1990’s, miniaturization
efforts have had a different goal in mind: portable mass spectrometers for in situ mass analysis.
As will be shown in Chapter 6 regarding a microscale planar linear ion trap (µPLIT), reducing
the radius of a trap decreases the RF power consumption and vacuum requirements. In other
words, smaller traps require smaller/lighter hardware to operate effectively. For example, the
Torion T-9 portable GC/MS by PerkinElmer uses a miniaturized toroidal ion trap and only
weighs 14.5 kg [125].
Unfortunately, as previously discussed in Chapter 1, several complications arise when
trying to miniaturize a trap. Decreased ion density, increased electrode alignment/surface
roughness requirements, and pronounced space charge effects decrease the overall performance
[34-38]. Novel ion traps, such as the µPLIT, are being researched to mitigate those issues [7; 11;
39-42; 47-51].

3.2

Ion Trap Derivatives
RF ion traps that utilize a quadrupolar electromagnetic potential all have roots in the

quadrupole ion trap (QIT) developed by Paul and Steinwedel in the 1950s but with some level of
abstraction [63; 65; 69; 70]. Although deviating from the ideal 3D quadrupolar region found in
the QIT can add higher order multipoles, the benefits of a different geometry outweigh the cost.
Consider the linear ion trap (LIT) in sub-chapter 2.8. The quadrupolar potential of the LIT is
only two dimensional, thus requiring the endcaps at an elevated DC potential to axially confine
ions. However, when miniaturizing the LIT, the trap can be stretched axially to trap more ions
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without affecting the stability diagram. The QIT on the other hand cannot be stretched to
accommodate for decreased ion density without adjusting the stability parameters or adding
higher order multipoles [126].
In general, deviations from the QIT for miniaturization purposes can be summed up into
two motivations: simplify the geometry and/or increase the trapping capacity. This is represented
graphically in Figure 3-2 where the QIT derivatives are depicted based on the design
motivations. For example, the cylindrical ion trap (CIT) is a simplified geometry of the
quadrupole ion trap which forgoes the hyperbolic electrodes. By flattening the hyperbolic
electrodes, the machining tolerances required to produce a miniaturized trap are drastically
reduced. Using this method, Kornienko et al. was able to miniaturize a CIT to a radius of 20 um
using a high precision drill [25]. However, an individual CIT suffers from decreased ion density
when miniaturized, so researchers have used multiple traps in an array configuration to boost the
available storage capacity [21; 127]. Sadly, operating several traps simultaneously is difficult in
practice and results in decreased m/z resolving power.

Figure 3-2: Derivations of the quadrupole ion trap motivated by either greater ion storage or a
simplified geometry. Figures used with permission from references [128] and [10] © ACS
Publications and © Elsevier respectively.
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Also shown in Figure 3-2, but not discussed earlier, are the toroidal and rectilinear ion
traps. The toroidal trap is essentially a QIT rotated about a center axis to create a donut shaped
ion confinement region as opposed to the sphere of the QIT [129]. Unlike the CIT, however, the
toroidal trap can be stretched radially when miniaturized to compensate for the decreased ion
density. This removes the requirement for a toroidal trap array to recover lost signal intensity.
Miniaturized versions have already been implemented in portable gas chromatography/mass
spectrometry (GC/MS) systems like the Torion T-9 mentioned earlier [3; 32]. Taylor and Austin
abstracted the toroidal trap further from the QIT with a simplified geometry depicted in Figure
3-2 by rotating a CIT around a center axis [10].
Like the toroidal trap, the rectilinear ion trap (RIT) combines elements of two different
traps (the CIT and LIT) and portable versions have been proposed [22; 128; 130; 131]. The RIT
geometry stretches the ion confinement region into a cylinder/cigar shape which, like the toroidal
trap, can theoretically be stretched infinitely in the axial direction to increase ion capacity.
Unlike the toroidal trap though, some researchers have implemented rectilinear trap arrays to
boost signal intensity [23; 40].
All of the ion traps in Figure 3-2 have a quadrupolar trapping potential like that seen in
Figure 2-3 for the QIT. A cross-section of the quadrupolar potential for the traps shown in Figure
3-2 is displayed in Figure 3-3 and Figure 3-4. This means that the mathematics which dictate ion
stability in the QIT can, with a few changes similar to those seen in sub-chapter 2.8 for the linear
trap, be applied to the rectilinear and toroidal traps. Note here that any potential distribution that
is predominantly quadrupolar will trap ions in a similar fashion as the QIT regardless of
electrode geometry. This concept is especially important for the planar and coplanar traps
discussed in sub-section 3.3.2.
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Figure 3-3: Simulated potentials for the rectilinear ion trap (a), cylindrical ion trap (b),
quadrupole mass spectrometer (i.e. linear ion trap without axial confinement) (c), and
quadrupolar ion trap (d). Notice that all of the fields employ a quadrupolar pattern. Figure used
with permission from reference [128] © ACS Publications

Figure 3-4: Simulated potential of a toroidal ion trap. Notice the quadrupolar potential at the trap
center. Figure used with permission from reference [131] © Elsevier

42

3.3

Alternative Fabrication Methods
The ion traps shown in sub-chapter 0 were all constructed in using precision machining

methods. Unfortunately, miniaturizing such a trap is ultimately limited by the machining
tolerances since the effects of misalignment, imprecise measurements, or surface roughness are
more pronounced in smaller traps [30; 34-38]. Consequently, alternative fabrication methods
have been investigated to push miniaturization further, such as microelectromechanical systems
(MEMS), printed circuit board (PCB), and microfabrication processes. The PLIT uses such
methods in order to create a quadrupole trapping region, like the LIT in sub-chapter 2.8, without
using machined components. Other traps based on various assembly methods do exist, such as
wire and digital ion traps, but will not be discussed in detail since they are only distantly related
to the PLIT [11; 43-46].

3.3.1

MEMS and Microfabrication Based Quadrupole Devices
A good example of a MEMS based quadrupole device is the quadrupole mass

spectrometer (QMS) by Geear et al. shown in Figure 3-5 [30]. A QMS is essentially a linear ion
trap without axial confinement and is discussed in sub-chapter 2.8. The initial monolithic block
of the MEMS based QMS is made by bonding two silicon-on-insulator substrates. Features are
patterned using photolithography then etched using deep reactive ion etching (DRIE) to form
mechanical springs at a microscale. Four conductive precision rods 30 mm long with a diameter
of 500 µm are inserted into the structure and held in place by the silicon springs. An applied RF
to the rods creates a quadrupolar stability region comparable to those provided earlier and
described in detail in sub-chapter 2.8.
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Figure 3-5: Photographs of a MEMS based QMS. Figures used with permission from reference
[30] © IEEE.
The main advantage this MEMS based QMS has over its machined equivalent is the
extremely high precision of the rod placement. This is enabled by the combination of
lithography/bonding and spring mechanics. A machined QMS would not be able to match the
high precision achieved through this MEMS technique. An additional benefit noted by Geear et
al. is the possibility the MEMS based QMS has for cointegration with mass spectrometer
systems due to the micrometer-scale features.
Cruz et al. used MEMS techniques to construct an array of micrometer-sized CIT which
has the benefit of being a miniaturized ion trap but with increased storage capacity. As opposed
to the QMS shown earlier, this ion trap array was intended to store ions based on their m/z. A
small portion of the array is shown in Figure 3-6 (notice the resemblance Figure 3-6d has to the
CIT shown in Figure 3-2). This array was fabricated using multiple molded tungsten fabrication
sequences. Basically, each tungsten layer of the CIT shown in Figure 3-6 is molded into silicon
dioxide then, at the end, released using hydrofluoric (HF) acid.
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Figure 3-6: An example of a cylindrical ion trap build using MEMS techniques complete with
zoomed out model (a), cross-section model (b), SEM image of the cylindrical trap array (c), and
SEM image of the trap cross-section (d). Figure used with permission from reference [132] ©
American Institute of Physics.
Micrometer-scale traps have also been built using microfabrication processes such as the
CIT array by Pau et al. [133]. Much like the MEMS CIT array shown in Figure 3-6, the version
built by Pau et al. attempts to recover lost ion storage capabilities by using a vast array of
individual traps. This was done by depositing alternating layers of oxide and conductive
polysilicon onto a silicon substrate. The oxide/polysilicon layers were etched to resemble a CIT
with the silicon substrate acting as a structural base. An SEM image and picture of the CIT array
as well as a diagram of the potential are shown in Figure 3-7 and Figure 3-8 respectively.

Figure 3-7: An array of microfabricated quadrupole ion traps. Figure used with permission from
reference [133] © American Physical Society
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Figure 3-8: The quadrupolar potential of a single microfabricated quadrupolar device shown in
Figure 3-7. Figure adapted with permission from reference [133] © American Physical Society.
MEMS and microfabrication based quadrupole devices for mass spectrometry
applications like those provided in this section are both interesting and useful but exhibit more
than a few new challenges. These include, but are not limited to, higher capacitances, electrical
connection stability, electron field emissions, and mechanical strength [132; 134-136].
Consequently, research into this specific area has decreased substantially for mass spectrometry
applications.

3.3.2

Planar and Coplanar Traps
Throughout this section, several diagrams have been presented which depict the

quadrupolar potential of various traps. Figure 3-3 depicts the potential of four different traps,
Figure 3-4 represents the fields for a toroidal trap, and Figure 3-8 demonstrates the quadrupole
fields of a microfabricated CIT. Using those figures, it can be deduced that any arbitrary
electrode arrangement can trap or filter ions provided the potential remains quadrupolar. This
was demonstrated by the planar geometry developed by Pau et al. shown in Figure 3-9. Although
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the planar trap geometry is not based on one of the QIT derivatives in Figure 3-2, Pau et al.
demonstrated that a quadrupole potential similar to the toroidal trap can be created using a three
ring electrode configuration.

Figure 3-9: Schematic showing the dimensions of the single ring electrode trapping configuration
(a). Equal potential contours for one-ring (b), two-ring (c), and three-ring electrode (d)
configurations with the presence of a ground plane. Figure used with permission from reference
[31] © American Chemical Society.
Coplanar traps, like the planar trap by Pau et al., use planar substrates with
lithographically patterned electrodes. But unlike the trap shown above, coplanar traps use two
facing substrates to create the trapping region. The halo ion trap in Figure 3-10 was the first
coplanar ion trap developed by Austin et al. [51] and is the ancestor of the PLIT shown in Figure
3-1. To create a quadrupole potential, an applied RF field is distributed unevenly across the
metal electrodes as depicted in Figure 3-11. This quadrupole field is subject to essentially the
same mathematics as the QIT described in Chapter 2 even though the electrode arrangement
deviates substantially from a more traditional trap.
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Figure 3-10: A simple diagram of a halo ion trap. The dark lines represent electrodes on a
substrate surface. Figure used with permission from reference [51] © American Chemical
Society.

Figure 3-11: Potential diagram of the halo ion trap. An RF field is distributed across the
electrodes to create the quadrupole potential. Figure used with permission from reference [51] ©
American Chemical Society.
Coplanar traps have the advantage of using high precision microfabrication processes
without the baggage of trapping ions inside a microscale structure. Also, any higher order fields
introduced by the non-ideal electrode geometry can be mitigated by adjusting the RF distribution
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on the electrodes [137]. Conversely, higher order multipoles can be added to the trap if desired.
Coplanar traps do have the misfortune of being sensitive to misalignment between the two
substrates and limits on the maximum RF voltage amplitude [36].

3.3.3

Printed Circuit Board (PCB) Ion Traps
For conciseness, a printed circuit board (PCB) ion trap is presented in Figure 3-12 [41].

Other PCB based traps, such as a rectilinear ion trap array and atomic trap, have also been
developed [40; 42]. The planar linear ion trap (PLIT) was not inspired by the PCB ion traps, but
the similarity warrants the inclusion of at least a mention of the PCBIT in this dissertation. The
PCB trap is similar to a coplanar trap in that multiple facing substrates with individual electrode
traces are employed. A distributed RF creates a quadrupole potential (Figure 3-13) which can
trap or filter ion.

Figure 3-12: A printed circuit board ion trap (PCBIT) mass analyzer. Notice the similarities to
the linear ion trap mass analyzer family. Figure used with permission from reference [41] ©
American Chemical Society.
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Figure 3-13: The potential diagram for the PCBIT shown in Figure 3-12. Figure used with
permission from reference [41] © American Chemical Society.
PCB traps have essentially the same strengths and weaknesses as the coplanar traps
discussed earlier. However, because PCB construction technology is so ubiquitous, fabrication of
the PCBIT can be much cheaper, faster, and easier than the coplanar traps. But this comes at the
cost of electrode precision—a vital component of ion trap miniaturization.
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4

PLANAR LINEAR ION TRAP FABRICATION AND OPTIMIZATION

CHAPTER 4.

PLANAR LINEAR ION TRAP FABRICATION AND OPTIMIZATION

The planar linear ion trap (PLIT) is a version of a coplanar linear ion trap (LIT)
developed specifically to take advantage of micromachining and investigate the scaling limits of
mass spectrometers. Essentially, the trap consists of two flat, non-conducting plates, on which
fine metal electrodes are patterned using photolithography. Due to the planar geometry, the
resulting trap is considered planar, hence planar LIT (PLIT). While simple in concept, this trap
has been developed over a ten-year period. This included an investigation of a variety of
substrate materials (silicon, ceramic, and glass) and design geometries (Paul, toroidal, and linear)
to optimize the coplanar trap design. The PLIT operates as a mass spectrometer by ejecting ions
through a small slit cut into the substrate. Several methods have been used to form this slit (wet
etching, laser cutting, and machining). Several different packaging techniques have also been
utilized (soldering, pressure contacts, and wire bonding) to connect the trap plates to electrical
signals. Based on the fabrication and testing of many different trap designs, the following
combination of parameters produces the most reliable and robust trap: a) linear geometry; b)
glass substrate; c) diced slit; and d) wire bonded electrical connections.
This chapter will review why the stated optimal parameters have advantages over other
possible combinations. The advantages of a linear trap design versus other possible geometries is
presented. Evidence is also presented supporting a non-conducting glass substrate over other
materials when using micromachining techniques, why a diced slit provides superior ion
ejection, and how wire bonding results in the best electrical contacts. After outlining the
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complete fabrication process, the performance of the optimized trap will be reviewed as a mass
spectrometer and compared to previous designs.

4.1

Background

4.1.1

Design Geometry
The planar fabrication approach was previously implemented on three common trap

geometries: Paul (also referred to as quadrupole), toroidal, and linear. Each of these trap
geometries is well known in the mass spectrometry world and was originally developed by
machining three-dimensional metal electrodes [20; 24; 63; 129; 138]. Figure 4-1 depicts
representations of planar designs based on their 3D counterparts. These traps were constructed
and evaluated by previous researchers to determine the optimal geometry based on two
objectives: miniaturization potential and mass resolution [7; 8; 47; 49; 50; 55].

Figure 4-1: Representations of planar designs based on their 3D counterparts of the (left) linear,
(middle) toroidal, and (right) Paul traps.
Based on the aforementioned objectives, the planar design was selected as the best
geometry [72]. The PLIT and planar Paul trap both had better than unit mass resolution, whereas
the planar toroidal trap (coaxial and halo trap) did not. However, the Paul trap geometry
inherently suffers from a limited ion storage capacity when miniaturized. The PLIT can
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inherently accommodate for this loss of storage capacity, thereby increasing its potential for
miniaturization [107; 124]. As such, the PLIT and the planar fabrication approach was further
optimized using this trapping geometry.

4.1.2

Substrates
The substrate selection for the PLIT is crucial since the planar fabrication process utilizes

photolithography to create the fine electrode patterns. The material must be non-conducting in
order to minimize capacitance between electrodes, and smooth, to lessen higher-order fields and
ease photolithography [37; 139]. Traps were fabricated using glass and ceramic because they
satisfy the aforementioned requirements with the additional benefits of manufacturability and
low cost. Silicon was also tested as a substrate because of its prevalence, but it proved ineffective
due to its semiconductive nature [72]. Ceramic, with its inherent robustness, can be machined
finer than glass for scaled-down traps and withstand harsher environments, making it ideal for
hand-held mass spectrometry devices. However, as opposed to glass, ceramic can be difficult to
coat with a viable, durable conductive layer for electrodes. Glass is, therefore, the material of
choice, and the optimal coplanar trap should be fabricated using a glass substrate. This was the
case for the unscaled PLIT.
It should be noted that the ion ejection slit, discussed in sub-chapter 4.1.3, provides a
challenge for glass substrates. For example, common glass types, like soda lime, exhibited
chipping at the edge of the taper whereas more robust glass, like borosilicate, did not.
Additionally, the taper sets a limit on a manufacturer’s ability to accurately and consistently mill
the ejection slit. Due to manufacturer-dependent uncertainties, the µPLIT discussed in Chapter 6
used a machined ceramic substrate instead of borosilicate glass.
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4.1.3

Ion Ejection Slit
One major concern encountered during design development was accumulation of

electrical charge inside of the ejection slit [78; 140]. Specifically, ions that strike the interior
surface of the ejection slit deposit charge onto the dielectric surface. This charge interferes with
ion ejection once a significant number of ions has collided with the walls. In order to provide an
exit path free of charge buildup, charges must be either shunted to ground or the geometry of the
trap must ensure that the ions do not interact with nonconductive walls [141].
Providing a shunt to ground requires coating the interior walls of the ejection slit with a
metal layer leading to a grounded contact. Consistently coating the walls of a vertical slit only a
few hundred microns wide (with a 1:1 height to width ratio) can be very difficult to achieve in
practice. Efforts to deposit aluminum using physical vapor deposition onto the side walls of the
slit (PVD) proved ineffective. As a result, electroplating a conductive layer into the slit was
invested. Figure 4-2 is a picture of a PLIT undergoing the etching process to form the desired
electrodes. The yellow regions are gold, the grey regions are a nickel-gold alloy, and the white
corners are the exposed ceramic (the alloy was removed using vacuum safe tape).

Figure 4-2: Ceramic PLIT with electroplated gold on nickel to ground ion ejection slit. Note the
gold-nickel alloy that remains after etching.
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The nickel-then-gold electroplating process was able to initially create a grounding
connection inside the ion ejection slit, but the nickel-gold alloy could not be removed with
chemicals allowed inside the BYU IML. Additionally, some etching of the electroplated material
was seen on the corners of the ion ejection slit—an indication that the etching mask is unable to
ensure an electrical connection. Because of these fabrication difficulties, it was concluded that
preventing ion accumulation would be simpler than electrically grounding the slit.
Using the ion trajectory simulation program SIMION® (simion.com), the behavior of
ejected ions was compared in a trap with exit slits comprised of straight walls versus a 45 degree
salient angled ejection slit. Figure 4-3 graphically represents simulations of the tapered-slit
ejection path. Simulations indicated that with a plate spacing of 4.4 mm, approximately 170%
more ions struck the conventional straight walls as opposed to the tapered slit. For a trap half the
size of the previous simulation, 375% more ions hit the walls in the conventional design vs. the
tapered, thereby indicating greater benefits for miniaturized PLITs.

Figure 4-3: SIMION simulation graphics of ion ejections that use (left) an ejection slit angle of
45̊ and (right) a conventional straight-walled slit
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Cutting a tapered slit in silicon is trivial when using a KOH wet etch due to silicon’s
crystalline structure. Glass and ceramic pose more of a challenge; laser cutting is not practical
since the machines are not designed to cut at an angle. Therefore, machining a tapered slit in
ceramic and glass is the most viable option. Machining a taper in ceramic using a precision mill
is common due to its robustness, but glass exhibits some cracking and melting when milled. To
create a slit for the optimal trap design, a custom-made cut-off wheel was passed back and forth
until the tapered edge of the wheel passed through the wafer to the specified width. Then, a
grinding wheel widened the taper. Figure 4-4 is a color enhanced microscope image of a slit
cross section after the substrate was scored then cracked midway through the slit.

Figure 4-4: A color enhanced cross-sectional view of the machined angled ion ejection slit
4.1.4

Electrical Connections
Because of the two-dimensional nature of the PLIT and the fine resolution of the metal

electrode traces, electrically connecting voltage sources to the trapping plates is somewhat
complex. Each trace must connect to a larger pad on the plate without disturbing the interior
trapping fields. A few methods were attempted including soldering, pressure contacts, and wire
bonding.
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The first attempt to connect the trapping plates to electrical connections was soldering
wires directly onto pads that were patterned on the same side of the trapping plates as the
electrodes [72]. This crude method proved ineffective; the solder joints were fragile, the high
temperatures would cause the metal to peel, and the solder flux residue often remained on the
surface even after cleaning.
Instead of soldered connections, a pressure-based connection method was developed by
using through-hole vias in a ceramic substrate which electrically connected the trapping side of
the substrate to patterned metal pads on the non-trapping side. Spring-loaded pogo pins attached
to a custom-designed printed circuit board (PCB) interfaced with the metal pads. This design
proved effective and was implemented on multiple traps [47; 49; 50; 72].
However, the pressure contact method was not without frustrating drawbacks. The pogo
pins can scratch aluminum away from the ceramic substrate thereby destroying any connection.
Figure 4-5 is a picture of scratches caused by pogo pins on the backside of the plate. The spring
in the pogo pin can also weaken over time when subjected to high temperatures or large voltages.
Previous researchers also saw instances when heating of the small contact point between the
metal in the via and the electrode traces caused ablation of the contact pad [142]. The
aforementioned issues caused poor electrical connectivity.

Figure 4-5: A picture of aluminum pads on a PLIT where pogo pins scratched away sections of
the metal connection pads
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Considering the number of issues the pressure contact method posed, the optimized
design opted to forgo any vias and instead used wire-bonded connections. In the design, the
trapping electrodes simply connect to metal pads on the same side of the dielectric substrate. The
pads are then wire-bonded to a permanent PCB fixture attached to the backside of the plate. The
PCB includes vias and traces to copper pads that can interface with either solder or pressure
contacts.
Figure 4-6 shows the SIMION electric field lines of the new and previous designs. A
comparison of the previous PLIT design and the re-designed version (in which contact pads are
on the same side of the plate as the electric field forming electrodes) in SIMION indicated a 2%
decrease in trapping efficiency and in mass resolution upon rejection, so it was concluded that
the newly designed trap could still perform as intended.

Figure 4-6: SIMION potential diagram and electric field lines of the trapping region of the plates.
Original electrode layout design (top left), new layout design (top right), new layout with electric
field lines (bottom left), and cross-sectional view of the simulated electric field lines through the
center of the ion trap (bottom right)
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4.2

Fabrication Procedure
This section outlines the complete fabrication procedure used when constructing the

optimized PLIT. The completed list of fabrication steps is included in Appendix A for the µPLIT
including pictures of the uncompleted device at multiple stages. Fabrication of the unscaled
PLIT began with a 4-inch diameter, 0.5 mm thick borosilicate glass substrate purchased through
Specialty Glass Products (Willow Grove, PA). Additionally, the vendor machined the alignment
holes and the 500-micrometer wide, 45 degree angled ion ejection slit into the glass wafer as
described above. The decision to use a 45 degree angle was somewhat arbitrary but performed
well in simulations and the manufacturer was able to successfully machine the slit. Other angles
may operate similarly but remain untested.
Upon receipt from the fabrication suppliers, the glass wafers were cleaned to remove any
debris or particles from the surface that could potentially interfere with the trapping fields and/or
inhibit adhesion of patterned metal layers. A 1-micron thick layer of aluminum was then
deposited onto the surface of each glass wafer using physical vapor deposition (PVD). Electrodes
were created by first patterning the design with AZ P4620 photoresist using standard
photolithography procedures, then acid etching away the exposed aluminum. A 100-nanometer
thick layer of germanium was PVD deposited over the electrodes to serve as a resistive layer
between the aluminum electrodes. This resistive layer has the effect of smoothing out the
electric fields and preventing charge buildup on the glass surface (which otherwise would be
detrimental to the trap performance as mentioned in the previous sub-chapter). The glass wafers
were then cut into a rectangular shape using a dicing saw. Figure 4-7 is a picture of a PLIT
trapping plate before application of the germanium layer and Figure 4-8 graphically details the
fabrication steps.
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Figure 4-7: A diced-to-shape glass wafer with aluminum electrode traces without the resistive
germanium layer

Figure 4-8: Fabrication process flow: A, 4 inch diameter borosilicate glass wafer, B, alignment
holes and the angled ion ejection slit are mechanically milled, C, 1 μm of aluminum is
evaporation deposited, D, AZ P4620 positive photoresist (PR) is spun over the aluminum then
lithographically patterned, E, the UV‐irradiated PR dissolves in developer revealing unwanted
aluminum, F, exposed aluminum is wet‐etched away to create the electrode pattern, G, the PR
is removed, H, 100 nm of germanium is deposited using electron beam evaporation deposition, I,
the glass wafer is diced into a square then attached to a custom PCB board using high‐vacuum
compatible epoxy, J, aluminum connections on the glass wafer are wire bonded to pads on the
PCB board, K, two completed devices are separated using precision sapphire balls in the
alignment holes and stabilized using alignment rods
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The newly formed glass plates were attached to a custom PCB (Quick Turn Circuits, Salt
Lake City, Utah) using vacuum-compatible epoxy as seen in Figure 4-9. The trapping plate PCB
was intentionally thick, 3.175 mm, to suppress any possible capacitance between the contacts on
either side of the board. Also presented in Figure 4-9, the electrodes on each plate were
connected to copper pads on the PCB using multiple wire bonds to guarantee an electrical
connection. The copper bonding pads had via connections to the backside of the board. A
separate capacitor network PCB was designed to interface with the backside of the trapping plate
PCB to create the RF signals.

Figure 4-9: One finished half of the ion trap. The full view of the completed device (top). An
enlarged view of the wire bonds connecting the aluminum electrodes to copper pads on the PCB
(bottom)

61

4.3

Performance
For initial experiments of the optimized design, an XYZ actuator controlled the plate

spacing/alignment of the trap. The final version uses precision sapphire balls to establish the
correct place spacing based on the information obtained from the XYZ alignment tests.
Following assembly with the XYZ actuators, the trap was placed in a vacuum chamber,
interfaced to the power supplies through the capacitive network PCB, then brought under a high
vacuum. Sample gasses were leaked into the vacuum for a stabilized sample pressure between 30
and 40 microtorr. As mentioned previously, a large motivation for developing the tapered
ejection slit was charge accumulation in the ejection slit that would erode the signal during use.
The newly designed trap was able to run for 4 hours without any decrease in signal intensity or
resolution. The lack of signal loss does not rule out charge buildup as a source of signal
degradation, but it does indicate a significant improvement over previous iterations.
A mixture of toluene and deuterated toluene was analyzed using resonance ejection by
ramping the trapping voltage. The parameters were as follows: an RF driving frequency of 1.35
MHz, an RF amplitude of 200 to 560 V0-p, an AC frequency of 620 KHz, an AC amplitude of 1
V0-p, a DC endbar voltage of 5 V, and a plate spacing of 5.0 mm. Additional details regarding
operation and performance characteristics of the trap can be found in previous publications
[143].
Figure 4-10 is an average of 20 scans showing better than unit resolution for the major
peaks at m/z 91, 92, 98, and 100. The resolution was calculated to be approximately 0.5 m/z
units as measured at full-width, half-maximum (FWHM) whereas the previous PLIT exhibited a
FWHM resolution of approximately 0.66 m/z units—an indication that the additions of the
tapered slit and wire bonded connections have no adverse effects on the performance of the
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PLIT. Additionally, the mass range of the optimal trap corresponds to previous iterations which
is approximately 60 to 140 m/z units under the given parameters.

Figure 4-10: A composite toluene and deuterated toluene spectrum showing unit resolution
between the m/z 91 and m/z 92 peaks of toluene and the expected 2 Da separation for m/z 98 and
100
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5

PHASE TRACKING AND DOUBLE RESONANCE EJECTION

CHAPTER 5.

PHASE TRACKING AND DOUBLE RESONANCE EJECTION

Due to their inherent sensitivity and specificity, portable traps for in situ mass analysis
are of great interest. Ion trap miniaturization has been cited as a direct means towards portability
because of relaxed voltage and vacuum requirements [7-11]. Examples of traps that have been
recently integrated into analysis systems include a miniaturized toroidal ion trap in a portable
GC-MS [32]. Additionally, Gao et al. and Brkić et al. developed miniaturized rectilinear [22]
and linear [33] ion traps, respectively, for hand-held applications. Unfortunately, the maximum
ion density decreases with ro, which decreases the available signal-to-noise ratio (SNR) and peak
resolution in a mass spectrograph [34].
It has been shown that both phase locking [80; 81] and double resonance ejection [105]
improve the mass resolution performance of ion trap mass spectrometers and, when implemented
in tandem, induces unidirectional ion ejection. In this section I will describe my research of
double resonance ejection with novel RF phase tracking circuitry in a planar linear ion trap [72]
(PLIT) for improved SNR and mass resolution. Double resonance ejection experiments were
performed with a custom phase tracking circuit to phase lock an AC resonance signal with the
RF trapping field. The β=2/3 hexapole non-linear resonance was used [82].

5.1

AC Resonance and Double Resonance Ejection
As discussed in sub-chapter 2.7.2, beginning with Tucker et al. in 1988, a supplementary

dipolar AC voltage has been used to resonantly eject ions at specific points of the stability
diagram [95]. This technique has been used to increase resolution [96], selectively eject masses
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[97; 98], and create custom scan methods [99; 100]. Double resonance ejection is a subset of AC
resonance ejection as explained by Franzen et al. where the AC voltage creates a resonance
region at the same location in the stability diagram as a non-linear multipole resonance [82]—
hence the term double resonance. Ions located at the resonance point are pushed out of the
potential well by the AC voltage into the high-order non-linear multipole resonant fields. The
non-linear fields increase the growth of the ion trajectory amplitude faster than linear [94].
Because of the non-linear energy uptake from the multipole resonance, double resonance
ejection has been shown to increase the peak intensity and resolution of a mass spectrum because
the ions eject in a smaller time window [105].

5.2

RF Trigger for Phase Tracking Circuitry
An additional benefit of double resonance ejection is the ability to uniaxially eject ions

toward a detector using the non-linear energy uptake. According to Julian et al., ion ejection
toward the detector is related to the RF/AC phase difference [144]. Therefore, to induce uniaxial
ejection, the RF and AC are phased locked. Without phase locking, ions are ejected in both
directions of the ejection dimension which has been shown to reduce peak stability [80; 81].
Because uniaxial ejection improves the SNR of double resonance ejection, which also has
improved SNR as compared to AC resonance ejection, signal loss due to trap miniaturization
may be improved by utilizing this method.
In practice, phase locking the RF and AC requires a single generation source (like the
examples shown in Figure 5-1) to ensure a constant RF/AC phase difference. Without deliberate
phase locking, i.e. all generators operate independently, the RF/AC phase difference will
fluctuate over time and eject ions in all ejection dimensions. Unfortunately, the RF power supply
(PSRF-100 Ardara Technologies, L.P., Lewiston, NY, USA) and AC waveform generator
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(Stanford Research Systems model DS345, Sunnyvale, CA, USA) used in previous experiments
involving the PLIT cannot be operated in the manner shown in Figure 5-1. To take full
advantage of the non-linear energy uptake and to be able to directly compare new experiments
with previous results, it was necessary to develop phase tracking circuitry compatible with the
afore mentioned power supplies.

Figure 5-1: Two possible scenarios for RF/AC phase locking. The RF and AC can operate based
on a common clock (a) or the RF can drive the AC generation (b).
To induce a semi-phase locked condition with the same hardware used in previous
experiments with the PLIT, a circuit was developed that creates a trigger for the AC waveform
generator from the RF trapping signal. This RF trigger is a high-speed high-gain operational
amplifier (op-amp) comparator circuit that converts a sinusoidal input into a square wave with a
user defined amplitude. The AC waveform generator can then use the square wave to
periodically re-synchronize with the RF waveform using a trigger function with a burst mode
option. Figure 5-2a is a block diagram of the setup, and Figure 5-2b is a schematic of the RF
trigger circuitry.
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Figure 5-2: AC/RF phase tracking setup using the RF trigger circuitry (a) and the RF trigger
schematic (b). The op-amp is configured as a comparator to convert the RF trapping signal into a
square wave for use as a trigger by the AC generator.
When configured as a comparator (as seen in Figure 5-2b), an op-amp output is
determined by whichever input terminal has the larger voltage. If the voltage on the positive
terminal is larger, then the op-amp will pass the positive voltage supply and vice versa. So, to
create the RF trigger square wave, the RF trapping signal is compared against its zero-crossing
voltage. First the RF is attenuated by the capacitive voltage divider formed by capacitors C1 and
C2 in Figure 5-2b to be within the operating parameters of the op-amp. Then the attenuated RF is
attached to the positive terminal of the op-amp and a low-pass filter (LPF). Because the LPF
removes the high frequency RF, the voltage on the negative input terminal is the RF’s zero
crossing. When the RF voltage is positive, the op-amp output is the DC power supply, and when
the RF voltage is negative, the op-amp output is pulled to ground.
While the setup is in operation, the RF waveform generator runs independently, and the
RF trigger constantly converts the sinusoidal RF into a square wave. The AC waveform
generator is set to trigger mode with a burst option. Whenever the AC generator triggers, a
designated number of AC sine waves are produced. Afterward, the AC generator “waits” for
another trigger then produces another set of sine wave. Because this process is repeated
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indefinitely, the AC is effectively synchronized with the RF (apart from pauses between bursts).
Representations of the output waveforms of the RF, RF trigger and AC are included in Figure
5-3.

Figure 5-3: Output waveforms of the RF, RF Trigger, and AC from the setup in Figure 2a for an
arbitrary AC frequency at a burst count of one. The vertical lines indicate a successful AC
trigger.
The RF trigger system has multiple benefits including versatility and simplicity. The
circuit can interface with any AC generator (if the AC generator includes a trigger function with
a burst mode option) and RF power supply. Because the RF trigger is supplying information
regarding the RF signal, other methods of AC generation besides a function generator could be
implemented. There is one non-ideality: a brief pause exists between bursts of AC.

5.3

Experimental Results
The timing control of the double resonance experiments was comparable to previous

experiments performed without double resonance ejection [143], except the RF amplitudes
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during ionization and ion cooling were 225 V0-p and 175 V0-p, respectively. This was done to
increase the depth of the potential well during ionization to capture more of the large ions. The
ion masses were scanned by sweeping the RF voltage amplitude from 175 V0-p to 275 V0-p with
an RF frequency of 1.341 Mhz. The β 2/3 hexapole resonance line was interrogated by setting
the AC frequency to 447 kHz, amplitude to 0.07 V0-p, and DC offset to -0.24 V. The burst count
for the triggered AC was three. The fractional RF amplitude is shown in Table 1. An additional
+5 V DC voltage was applied to the two end electrodes shown in Figure 1b to contain the ions
axially inside the trap. Without the axial confinement, ions would leak out from the ends of the
PLIT.
A mixture of toluene and deuterated toluene (D8-toluene) at a volume ratio of 1:1 was
used as a test sample. The mixture was loaded into a glass tube that was attached to a leak valve
(203 variable leak; Granville Phillips, Boulder, CO, USA). The sample was leaked into the
chamber to pressures between 1-5×10^-6 Torr. Afterward, Helium was introduced into the
vacuum for a final pressure of 1-2×10^-3 Torr. Sample pressures were fine-tuned during the
testing procedure.
An initial indication that the RF trigger was operating correctly and inducing double
resonant ejection can be seen in Figure 5-4, which shows a measured spectrum for the toluene
samples that has been “zoomed in” to highlight the expected ion ejections at 91 and 92 m/z and
98 and 100 m/z. For small AC amplitudes, such as in Figure 5-4a, non-optimized parameters
could still produce peaks. However, when the AC generator operates independently (i.e. is not
synced to the RF using the RF trigger) the spectrum disappears completely. When the AC
amplitude was increased to about 1 Volt, the resolution of the spectrum was significantly
diminished.
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Figure 5-4: Three filtered and averaged spectra of toluene and d8-toluene a) with phase tracking,
b) without phase tracking and c) with phase tracking but an AC amplitude of 1V.
A major indication of double resonant ejection and uniaxial direction can be observed
through the phase relationship between the AC and RF signals. Figure 5-5 and Figure 5-6 depict
the intensity and resolution respectively of the 91/92 and 98/100 peaks for a phase sweep with a
step size of 15 degrees. Figure 8 is a sample of the spectra used to create Figure 5-5 and Figure
5-6. Each spectrum was acquired using the parameters listed above and is a composite of 25
averaged scans filtered using a Butterworth filter in MATLAB. Notice the peak intensities’
relationship with phase in Figure 5-5. This behavior is suggestive of a phase effect induced by
double resonant ejection. When the phase difference is 0 or 180 degrees, most ions are ejected
away from the detector while a phase difference of 90 or 270 ejects more ions toward the
detector. Because of these results, it can be assumed that the RF trigger is responsible for double
resonance ejection. However, the phase relationship is not as exaggerated as hoped or expected
due to a weak β 2/3 hexapole component as discussed below.
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Figure 5-5: Peak intensities for the toluene 91/92 peaks and the deuterated toluene 98/100 peaks.
The step size was 15 degrees. Each scan was an average of 25 scans

Figure 5-6: Peak resolution for the toluene 91/92 peaks and the deuterated toluene 98/100 peaks.
The step size was 15 degrees. Each scan was an average of 25 scans
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Figure 5-7: A collection of various spectra with various phase shifts. Each spectrum is an
average of 25 scans
The main motivation behind switching to double resonance ejection was to increase SNR.
A comparison of optimized AC resonance ejection [143] to optimized double resonance ejection
can be seen in Figure 5-8. The SNR of the AC resonance experiments in Figure 5-8a was
measured to be 12.5 while the SNR of Figure 5-8b was 55—an improvement in SNR of 4.4
times. However, the amplitudes of the double resonance tests were lower than AC resonance.
The peak resolutions in Figure 5-6 are also comparable with a FWHM of 0.5 amu.

Figure 5-8: Optimized spectra using AC resonance ejection [143] (a) and double resonance
ejection with phase tracking circuitry (b) exhibiting an SNR of 12.5 and 55 respectively.
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The lack of improvement in resolution from using double resonance ejection, as seen by
other researches [105], and the weak phase/ejection relationship can be attributed to a weak
hexapole non-linear resonance and RF/AC phase inconsistencies. The weak hexapole component
is understandable: the PLIT was designed as a symmetrical trap without intentional asymmetries
[49] which are required for the β 2/3 hexapole component [82]. However, fabrication variations
can add asymmetrical geometrical components into a trap. These asymmetries add odd ordered
non-linear resonances such as hexapole or decapole shown in chater 2 into the electromagnetic
potential. So, although no hexapole components are purposely added into the PLIT, a weak nonlinear resonance at β 2/3 can be expected.
The RF phase tracking setup makes one critical assumption—that the RF and AC
generators produce mono-frequency signals (i.e. the waveform is comprised of only a single
frequency and the bandwidth approaches 0). Because the AC function generator merely tracks
the RF zero crossings to re-synchronize, as opposed to phase locking with the RF which
mathematically links the two signals, any inconsistencies in RF or AC frequency introduces both
a fluctuation in the beta value being interrogated, the RF/AC phase difference, and the q value of
for a specific m/z.
An observation of single scans shows the effect this has on an experiment. Figure 5-9 is a
plot of four separate (not consecutive) scans of the toluene 91 and 92 peaks using the same scan
parameters listed above. Notice that for scans 2 and 4 in Figure 5-9 the peaks are shifted into the
valleys of scans 1 and 3. Because all spectra previously provided are a composite of 25 scans, the
shifted peaks in scans 2 and 4 broaden the peaks as seen in Figure 5-10b. If the peak locations
were correlated in post-processing, the resulting spectra (shown in Figure 5-10a) has a 22.6%
improvement in resolution as compared to the un-correlated data.
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Figure 5-9: Four separate scans (not consecutive) of the toluene 92 peak. Notice that in scans 2
and 4 the 92 peak is shifted into the valleys of scans 1 and 3.

Figure 5-10: Average of the scans from Figure 10 with (a) and without (b) shift corrections.
5.4

Improving Phase Tracking
As mentioned in sub-chapter 5.3, any inconsistencies in RF or AC frequency introduce

both a fluctuation in the beta value being interrogated and the RF/AC phase difference. So,
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besides purchasing RF or AC generators with a higher Q value [145], this section discusses
methods to improve phase tracking using the RF trigger circuitry.
For example, the “waiting period” in Figure 5-3 could be a concern. If the time gap
between bursts of AC happens to fall directly during the resonance point, then ejection could be
stifled and reduce the signal intensity. Removing the waiting period from the AC scan requires
an AC generation source other than a function generator. This could include custom hardware,
such as an application-specific integrated circuit (ASIC) or electronic circuitry. The hardware
would “count” the number of triggers to produce an AC signal that corresponds to an integer
multiple of the RF frequency (i.e. toggling a voltage on and off every three RF zero crossings
would create an AC square wave at one-third the RF frequency). Something similar was done
using an FPGA on the ion trap sent to mars to create a phase locked square wave [146].
A microcontroller could also produce similar results as an asynchronous solution if it is
able to sample the RF trigger output fast enough to produce consistent results and interrupt free. I
tested this hypothesis using a Raspberry Pi 3 model B. I chose the Raspberry Pi because it has an
internal clock rate of 1.4 GHz whereas microcontrollers, such as the Arduino product line or TiMSP430, had a maximum internal clock rate of 80 MHz. For sake of time, I did not consider
microcontrollers that required a custom PCB. Then, using C code inspired by reference [147], I
timed the three most important commands for an AC source: reading the GPIO pin, writing the
GPIO pin high, and writing the GPIO pin low.

Table 5-1: Command timing of Raspberry Pi 3 Model B using code inspired by reference [147]
Command
Read GPIO
Set GPIO low
Set GPIO high

Execution Time
100 ns
3.5 ns
3.5 ns
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From Table 5-1 the “Read GPIO” command has a sample rate of 10 MSPS which is
above the Nyquist rate of the RF operating at 1.341 MHz (or a period of about 740 ns) from subchapter 5.3. This means that the Raspberry Pi is able to track the RF Trigger and execute the
GPIO write command within 100 ns of a trigger. So, theoretically, using the Raspberry pi to
create an AC waveform is possible. But this sample period is still too slow to mimic a phase
locked condition. As shown in Figure 5-11, the 100 ns sample period creates a 100 ns window
where the GPIO write command can occur. Because a 100 ns offset is a 48.6̊ phase shift for the
RF Trigger, I determined that the Raspberry Pi does not have a response time fast enough to
mimic a phase locking condition. I did consider using a pipeline ADC to increase the sample rate
to 100 MSPS or more, but because the GPIO read command time would remain 100 ns the
increased sample rate would not improve the response time.

Figure 5-11: A drawn-to-scale diagram of the Raspberry Pi code timing. The GPIO Write
command can occur anytime during the write range.
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6

MICROSCALE PLANAR LINEAR ION TRAP

CHAPTER 6.

MICROSCALE PLANAR LINEAR ION TRAP

This chapter presents a miniaturized coplanar trap, the microscale planar linear ion trap
(μPLIT), that was successfully miniaturized to an 𝑟𝑟𝑜𝑜 of 800 µm with electrodes 20 µm wide

using microfabrication processes. First, the mathematics concerning scaling an ion trap mass
spectrometer—including the effects on power, pseudopotential well depth, and pressure—are
demonstrated. Then the μPLIT electrode layout and fabrication procedure are presented. Finally,
empirical results are presented that depict the outcome of the miniaturization including peak
resolution, time average power consumption, and pressure viability.

6.1

Scaling an Ion Trap Mass Analyzer
Ion trap mass spectrometer miniaturization for decreased RF power requirements is an

exercise in trapping parameter manipulation. According to Douglas et al. [112], the q value for a

linear ion trap derived from the Matthieu equation is defined by
𝑞𝑞𝑥𝑥 = −𝑞𝑞𝑦𝑦 =

4𝑒𝑒𝑒𝑒
,
𝑚𝑚𝑟𝑟𝑜𝑜2 Ω2

where e is the charge of the ion, V is the zero-to-peak voltage of the applied RF, m is the

(6-1)

molecular mass of the particle in kg, ro is the radius from the central axis to the electrodes in

meters, and Ω is the frequency of the RF. [112]. Now, to develop a generalized format for trap

miniaturization let us assume an arbitrary scaling factor α to ro such that
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𝑟𝑟𝑜𝑜2 =

𝑟𝑟𝑜𝑜1
,
𝛼𝛼0

(6-2)

where the subscript 2 refers to the scaled/miniaturized trap and 1 to the original. With some

algebra, applying equation (6-2) to equation (6-1) yields q x2 = α20 q x1. Here we see that, when

miniaturizing a trap, the q value for an arbitrary ion increases by the square of the change in ro .
To restore the original q value (and thereby return to the original mass scale) either V, Ω, or a

combination of both can be adjusted as Tian et al. illustrated [35]. By assigning α1 as a scaling
factor for V and α2 for Ω, the equation for q x2 can be represented as
𝑞𝑞𝑥𝑥2

4𝑒𝑒(𝑉𝑉1 /𝛼𝛼1 )
𝛼𝛼02
=
=
𝑞𝑞 .
𝑚𝑚(𝑟𝑟𝑜𝑜1 /𝛼𝛼0 )2 (𝛼𝛼2 𝛺𝛺1 )2 𝛼𝛼1 𝛼𝛼22 𝑥𝑥1

(6-3)

So, to restore the original q value, α20 /(α1 α22 ) should be approximately equal to 1.

One of the dominant motivations for miniaturizing an ion trap for hand-held portable

applications is the decreased the RF power consumption that accompanies the scaled RF voltage
amplitude [22; 32; 45; 148]. Actually calculating the power required to drive an ion trap is
complicated and is dependent on the specific RF generator being used. For simplicity, let us
instead evaluate the time average power of a signal and then assume, to the first order, that it is
linearly proportional to the total drive power. The time average power of a signal is given by
𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴

𝑉𝑉 2
= ,
2𝑍𝑍

(6-4)

where V is the voltage amplitude and Z is the impedance [149]. For a strictly capacitive trap, Z=

1/(iΩC) where C is the equivalent capacitance of the trap and Ω is the RF frequency. By

applying the scaling factors from equation (6-3) to equation (6-4), the time average power of a
miniaturized trap is
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𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴2 =

(𝑉𝑉1 /𝛼𝛼1 )2
𝛼𝛼2 𝛼𝛼𝐶𝐶
𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴1
= 2 𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴1 =
,
2(𝑍𝑍1 /[𝛼𝛼2 𝛼𝛼𝐶𝐶 ])
𝛼𝛼3
𝛼𝛼1

(6-5)

where αC is the scaling factor for the capacitance such that C2 = αC C1 and where α3 =

α12 /(α2 αC ). By assuming that the drive power is linearly proportional to the time average power
(to the first order) we can label α3 as the power scaling coefficient.

From the equations (6-4) and (6-5) it is obvious that scaling the RF voltage amplitude

will have the largest effect on the time average power. However, it should be noted that αC is not
related to the trapping parameters in equation (6-1) rather the type of trap being used (e.g.

machined, microfabricated, PCB). Some traps may suffer from an αC > 1 when miniaturized

which may actually increase the time average power. For the planar linear ion trap (PLIT), the
capacitance is determined by an external capacitor network so αC = 1. In this case, for a

maximum reduction in the time average power α1 (the RF voltage amplitude) should equal α20 ,

and α2 (the RF frequency) should equal 1 such that α3 = α40 . For the μPLIT where α0 = 3.125,
α3 ≈ 95.4 or PAVG2 ≈ 0.1PAVG1, which is a considerable reduction in power.

However, it should be noted that scaling V by 1/α20 is not always desirable. This is best

illustrated by the pseudopotential well model as derived by Dehmelt [91] which, according to
March [63; 69], defines the maximum kinetic energy that an externally generated ion may
possess and still be trapped [150]. The pseudopotential well depth is given by the equation
�𝑥𝑥 =
𝐷𝐷

1
𝑞𝑞 𝑉𝑉.
8 𝑥𝑥

(6-6)

Applying the scaling factors in equations (6-3) and (6-5) yields a relationship for the well depth
�𝑥𝑥2 =
𝐷𝐷

1
1 𝛼𝛼02
𝑉𝑉1
𝛼𝛼0 2
�𝑥𝑥1 .
𝑞𝑞𝑥𝑥2 𝑉𝑉2 = �
𝑞𝑞
�
�
�
=
�
� 𝐷𝐷
𝑥𝑥1
8
8 𝛼𝛼1 𝛼𝛼22
𝛼𝛼1
𝛼𝛼1 𝛼𝛼2
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(6-7)

Considering the earlier example where α1 = α20 to restore q resulting in α3 ≈ 95.4, the

� x2 ≈ 0.1D
� x1 —this is obviously not desirable. As a
pseudopotential well depth of the scaled is D
result, both V and Ω were adjusted for the μPLIT in order to reduce the time average power but

retain some depth in the pseudopotential well as mentioned by Tian et al. [35] and observed by
Kornienko et al. [25]. The final scaling results and factors for the μPLIT are discussed in the
subsection 3 of this chapter.
An added benefit for miniaturized traps is the ability to operate at higher pressures as
demonstrated by the Ramsey research group in their articles concerning high pressure mass
spectrometry [105; 133; 151]. This is imperative for portable applications by allowing the use of
smaller, less powerful vacuum pumps [148; 152; 153]. Unfortunately, literature relating trap size,
pressure, and performance is limited. Xu et al. does indicate that the overall effectiveness of an
RF device at higher pressures depends on a balance between the electric field and ion-neutral
collisions [154]. This balance, according to Xu et al., is related to the mean free path of an ion in
a buffer gas. From this viewpoint it could be argued that in miniaturized traps the mean free path
can be shorter (or, inversely, the background pressure can be higher) due to the tighter geometry.
This would explain the results from the Ramsey group mentioned above. However, more
conclusive findings are needed to fully prove such a theory.

6.2

Planar Linear Ion Trap
The planar linear ion trap (PLIT) is a two-dimensional quadrupole ion trap inspired by

the linear ion trap developed by Syka et al. at Thermo Electronic.[52-54] However, unlike more
traditional traps that use machined components, the PLIT is constructed using two facing
dielectric substrates on which electrodes are lithographically patterned to resemble a linear ion
trap. A quadrupolar trapping region is created by applying an RF distribution to the electrodes.
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This coplanar method was also used by previous researchers at BYU to create planar Paul,
toroidal, and coaxial traps [7; 47; 50; 55].
The PLIT was miniaturized to a microscale ro of 800 μm and called the microscale PLIT

(μPLIT). Since the PLIT developed by Tian et al. [143] used an ro of 2.5 mm, this gives a

scaling factor α from Equation (6-2) of 3.125. For the μPLIT, ceramic wafer substrates were

manufactured by Aremco (Valley Cottage, New York) which included a scaled tapered ejection
slit [48] approximately 166 µm wide on the trapping side as seen in Figure 6-1c. It should be
noted that the electrode pattern for the ro = 2.5 mm geometry requires a 500 µm wide ejection

slit. Using physical vapor deposition (PVD), a 1 to 2 µm thick layer of aluminum was deposited.
The aluminum layer was then lithographically patterned and etched to form the electrode pattern
shown in Figure 6-1a and Figure 6-1b with the widths/positions in Table 1.
Afterward, the ceramic substrates were diced into a rectangular plates roughly 4 cm long
and 3 cm wide. 100 nm of germanium was then deposited using PVD over the patterned
electrodes to cover the dielectric substrate and act as a resistive layer between the electrodes to
mitigate unwanted charge buildup. After gluing each plate to a custom printed circuit board
(PCB) (Quick Turn Circuits, Salt Lake City, Utah) using vacuum compatible epoxy, the

electrodes were connected to the PCB via wire bonds.
To create the quadrupolar trapping region, two μPLIT halves are placed facing one
another and a capacitor network PCB interfaces to the backside of the μPLIT PCB. The capacitor
network divides the RF to various magnitudes to create the RF distribution seen in Table 1 [48;
50]. The capacitor network has an equivalent capacitance of 24 pF for both the μPLIT and
unscaled PLIT such that αC = 1. This capacitance is adjustable if needed, but was kept constant
for the experiments listed in this chapter.
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Figure 6-1: A comparison of the planar linear ion trap (PLIT) with ro = 2.5 mm (a) and ro = 800
μm (b) and a drawn to scale (electrode height exaggerated) cross-sectional image of the
microscale PLIT with the electrodes numbered (c).

Table 6-1: Electrode Geometry, Spacing and Voltage Distribution
Electrode

Electrode

Electrode

Distance from

Distance from

RF Voltage

Number

Width (𝐫𝐫𝐨𝐨 =

Ejection Slit

Ejection Slit

Amplitude

from center 2.5 mm)

Width (𝐫𝐫𝐨𝐨 =

4500 µm

1500 µm

7.75 mm

(𝐫𝐫𝐨𝐨 = 800 µm)

Percentage

5

(𝐫𝐫𝐨𝐨 = 2.5 mm)

2.58 mm

100

4

50 µm

20 µm

3.79 mm

1.263 mm

100

3

50 µm

20 µm

2.19 mm

.73 mm

14

2

50 µm

20 µm

1.26 mm

.42 mm

14

1

50 µm

20 µm

0.91 mm

.30 mm

0

0

800 µm

330 µm

0 mm

0 mm

0

800 µm)

82

6.3

Experiment and Results
Following fabrication, the μPLIT was placed in a vacuum chamber which was pumped

down to a high vacuum around 0.5×10-6 Torr. Then, using a leak valve (Granville Phillips,
Boulder, CO, USA), sample vapor was introduced to the vacuum for a stable pressure between 13×10-6 Torr. Helium was then added as a collisional background gas into the chamber for a final
pressure of 5.4×10-3 Torr.
The electronic timing of each scan was very similar to previously published experiments
using a PLIT [49; 143]. Ionization was 20 ms at 72 V0-p for Figure 6-2 and 86 V0-p for Figure 6-3
which was followed by a 10 ms cooling period. The RF amplitude was then ramped for 40 ms
from 72 to 133 V0-p for Figure 6-2 and 86 to 111 V0-p for Figure 6-3. The RF frequency was 2.71
MHz. An additional positive DC offset of 5 V was added to the end bars seen in Figure 6-1 to
contain the ions axially.

Figure 6-2: A spectrum of isobutylbenzene showing the m/z 91/92 and m/z 134 peaks using the β
= 2/3 hexapole resonance line.
Ions were resonantly ejected using phase tracking circuitry [155]. The best resolutions
were obtained using the β = 2/3 hexapole resonance line as seen in the isobutylbenzene spectrum
in Figure 6-2 with an AC frequency of 883.3 kHz, a voltage amplitude of 0.55 V, a phase of 0
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degrees, and a small DC offset to the AC of 0.55 V. For comparison to previously published
data, the β = 0.92 resonance was also interrogated for a 1:1 toluene/d-8 toluene mixture, as
shown in Figure 6-3, with an AC frequency of 1.248 MHz, a voltage amplitude of 0.4 V, a phase
of 0 degrees, and a small DC offset to the AC of 0.2 V. Each recorded spectrum was an average
of 20 individual scans.

Figure 6-3: A spectrum showing the m/z 91/92 peaks of toluene and 98/100 of deuterated toluene
using the resonance for β = 0.92 enhanced boundary ejection.
Because miniaturized traps suffer from increased space charge effects, which, according
to March and Todd and Douglas et al. [69; 156], widen and shift mass peaks, the resolution of
the μPLIT is worse than the unscaled PLIT where resolutions around 0.5 Da were achieved
[143]. In Figure 6-2, the m/z 91/92 and m/z 134 exhibited resolutions of about 2.3, 1.3, and 3.2
Da respectively (calculated using a Gaussian peak model). In Figure 6-3, the m/z 91/92 and m/z
98/100 had resolutions around 1.5 Da, 1.4 Da, 2.7 Da, and 1.5 Da, respectively (also calculated
with a Gaussian peak model). Although the resolution is significantly degraded from the
unscaled PLIT [143], a mass resolution of a few Da can still yield useful information in portable
mass spectrometer applications.
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A comparison of the μPLIT trapping parameters to the original PLIT indicates that the
μPLIT was scaled correctly. Table 2 is a comparison of the two designs including the scaling
factors for toluene/d-8 toluene spectra (like in Figure 6-3). It should be noted that since the
μPLIT and unscaled PLIT utilize an external capacitor network the trap capacitance is
approximately the same (i.e. αC = 1). Using the scaling factors in Table 2 in Equation (6-3), the

new q x2 value is rounded to 1.04q x1 —an indication that the μPLIT was indeed operating around
the same mass range as the previously published results [143]. The power requirements of the

trap were also reduced by a minimum factor of 2.69 for Figure 6-2 and 3.38 for Figure 6-3 as
calculated using Equation (6-4).
Table 6-2: A comparison of the scaled and unscaled PLIT.
r0 (mm)
PLIT
μPLIT (Figure 6-2)
μPLIT (Figure 6-3)

Time average
power (W)

2.5

Ω (MHz)
1.35

𝑉𝑉 (V 0-Peak)
200 - 560

4.04

0.8

2.71

86 - 111

1.51

𝛼𝛼0 = 3.125

𝛼𝛼1 = 2.01

𝛼𝛼2 = 2.33 (min)

𝛼𝛼3 = 2.69 (min)

0.8

𝛼𝛼0 = 3.125

2.71

𝛼𝛼1 = 2.01

72 - 133

𝛼𝛼2 = 2.78 (min)

1.19

𝛼𝛼3 = 3.38 (min)

The μPLIT behavior versus gas pressure was investigated by incrementally increasing the
background helium pressure beginning with 2.5×10-3 Torr up to 42×10-3 Torr. The pressure was
allowed to stabilize at each point before obtaining a spectrum. The RF and sample pressure of
1:1 toluene:d-8 toluene remained unchanged, but the AC resonance amplitude was increased
periodically to compensate for the higher pressures (this was also observed by Song et al. [152]).
Figure 6-4 graphically represents the maximum peak intensity of the m/z 91/92 peak. The odd
blips in the curve at 10.7×10-3 Torr and 17.2×10-3 Torr correspond to increasing the AC
amplitude to 0.65 and 0.7 V, respectively. The AC amplitude was adjusted for almost every
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sample after that, culminating with 0.95 V for the final spectrum at 42×10-3 Torr. The increase in
the mass spectral intensity over pressure follows trends observed by other researchers such as
Todd et al. [157].

Figure 6-4: The maximum peak intensity of the m/z 91/92 peaks of the toluene sample are shown
versus total pressure.
Figure 6-5 is simply a collection of spectra that make up Figure 6-4 that indicate changes
in behavior of the μPLIT. A total pressure of 5.4×10-3 Torr gave the best resolution with wellseparated m/z 98 and 100 peaks in the deuterated toluene. The shoulder of the m/z 92 was also
visible at lower pressures. By 16.6×10-3 Torr the m/z 91/92 peak did not exhibit a shoulder and
by 42×10-3 Torr the m/z 98/100 peaks were essentially fully combined for a final resolution
between 2.3-2.7 Da estimated using a Gaussian peak model. As mentioned before, since
resolutions of a few Da are acceptable for portable mass spectrometry applications, 2.3-2.7 Da is
acceptable. The decrease in resolution over pressure was expected based on models/results from
Whitten et al.[158] and Xu et al..[154] The optimal pressure for resolution in the unscaled PLIT
ranged between 3-4×10-3 Torr, whereas the μPLIT ranged between 5-8×10-3 Torr.
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Figure 6-5: A collection of spectra that make up Figure 6-3.
6.4

Remaining Challenges
There are two main considerations for further miniaturization of the PLIT—the tapered

ion ejection slit and the cross-sectional aspect ratio. The tapered ion ejection slit is a concern
because finding a manufacturer that could reliably machine a 45 degree taper with a 166 μm
wide opening roughly 1.5 cm long required switching the substrate from glass to ceramic [48].
Substrates designed for radii smaller than the μPLIT may require a different fabrication method,
such as a custom ceramic mold casting to ensure a consistent, defect-free, tapered slit. The
narrow aspect ratio seen in Figure 6-1 may also be troublesome for the sake of populating the
trap with externally generated ions. Future setups may require internally generated ions or
externally generated ions that are directed toward the trap aperture.
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6.5

Conclusions
The planar linear ion trap (PLIT) was successfully miniaturized to a microscale ro and

can potentially be used as a portable mass spectrometer. This was done by redesigning the
electrodes on the PLIT surface to have an ro of 800 μm. The RF voltage amplitude and

frequency were scaled to compensate for the smaller ro . Ions were successfully confined then

resonantly ejected from the μPLIT with resolutions of approximately 2-3 Da. The performance
of the μPLIT was also tested over a range of pressures from 2.5-42×10-3 Torr and retained
resolutions between 2.3-2.7 Da. Ultimately, the μPLIT was shown to retain resolutions viable for
portable mass spectrometry at pressures in the tens of millitorr while consuming a factor of 3.38
less time average power than the unscaled PLIT.
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EQUIPMENT

One of the main struggles with any technical research project is not necessarily the
theoretical background, rather the equipment used to design, build, or test a device. Knowing
which instruments to use and how to implement them before beginning a project is invaluable.
As such, this chapter focuses on instruments, machines, and setups that I have used during my
graduate studies at Brigham Young University as it may be useful for future researchers. Pieces
of equipment or setups that have been well documented in other works, such as machines in the
BYU Integrated Microfabrication Lab (IML), will not be included in this Chapter. Specific
instructions regarding which buttons to press will typically not be discussed, rather how the
electronics are organized and used. For more information about specific instruments refer to the
online technical documents or the BYU IML website (cleanroom.byu.edu).

7.1

Ion Trap Electronics
The electronic equipment used to test the microscale planar linear ion trap (µPLIT) is

simple to understand when considered individually. But combining all of the pieces into a
cohesive unit to accurately perform mass spectrometry is tedious. This sub-chapter outlines the
electronics of the ion trap setup for the µPLIT as shown in Figure 7-1 and is divided into five
sections: waveform timing, RF generation/control, AC generation/control, DC, and ionization.
Since several pieces of identical equipment were used multiple times, such as waveform function
generators, only the first reference to that piece will include a detailed description. However,
subsequent sections may include an extra image for clarity and reference.
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Figure 7-1: A flowchart diagram of the ion trap electronics.
7.1.1

Timing Control
As seen in Figure 2-16 and Figure 2-18, the arbitrary waveform of the RF voltage

amplitude, the application of the AC voltage, and ionization must be timed precisely. Thus, the
timing of each in the µPLIT test setup is controlled by a Berkley Nucleonics Corporation pulse
generator model 565 (BNC) pictured in Figure 7-2. The BNC has four channels which can
produce a unique arbitrary pulse waveform. For the µPLIT test setup, each channel is set to
normal mode, a disabled gate, a wait of 0 pulses, and an output of TTL/CMOS. The polarity of
active high vs. active low is determined by the connections. The BNC is a powerful machine, but
since the µPLIT test setup only needs it to synchronize waveforms, the BNC is simple to use.
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Figure 7-2: An image of the BNC model 565. For more information refer to the online BNC
documentation.
Using the parameters mentioned earlier, there are three parameters that alter the output
pulse from the BNC: Wid, Dly, and Active High/Low. Wid adjusts the width of the pulse, Dly
the wait time before a pulse output, and High/Low refers to whether the pulse is 5 V or 0 V. The
total time length of a pulse is Dly plus Wid. In the example provided in Figure 7-3, Wid and Dly
of Channels A and B are the same, but Channel A was set to Active High, whereas Channel B
was set to Active Low. Channel C has the same total pulse length, but Dly was set a little longer
and Wid a little shorter. Channel D does not have the same pulse length as Channels A through C
and, as a result, is not synchronized correctly.

Figure 7-3: An example output from the four channels of the BNC.
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Table 7-1 describes the timing requirements of the different function generators. A
trigger means the circuitry waits for a digital voltage transition from low to high (i.e. positive) or
from high to low (i.e. negative). On the other hand, a gate indicates that the circuitry will only
operate if a high voltage (positive gate) or a low voltage (negative gate) is present. Since some of
the function generators can use the same BNC channel (e.g. the RF frequency and DC function
generators can use the same channel) connections of function generators to specific BNC
channels is left to the reader’s discretion.

Table 7-1: Trigger/Gate type for each piece of equipment
Function Generator
E-Gun Gate Control
RF Frequency
RF Trigger
RF Voltage
DC

7.1.2

Execution Type
Positive Trigger
Positive Gate
Positive Gate
Positive Trigger
Negative Gate

RF Generation and Control
The RF signal is generated using the Ardara PSRF-151 High-Q Head-G power supply. It

uses an LRC circuit to create a high-Q RF signal. Designed specifically for mass spectrometry
applications, the voltage amplitude and frequency can be controlled externally with waveform
function generators. Both of these functions are discussed in this sub-section.
RF Frequency Control is done through an Agilent 33250A waveform function generator.
This is done by connecting the output of the Agilent to the RF generator’s external frequency
cable. The Agilent is set to a square wave output with an amplitude of 5 V and an offset of +2.5
V. The output is gated using the gate function in order to turn off the RF in between scans. The
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RF generator outputs a frequency equal to one-half of the control frequency (e.g. a control
frequency of 6 MHz will result in a 3 MHz RF signal).

Figure 7-4: An image of an Agilent 33250A. Refer to the online Agilent documentation for more
information.
Choosing the operating frequency of the RF is tricky because the maximum RF
amplitude is dependent on the operating frequency. This is because the RF generator uses an
LRC circuit to create a high-Q signal where the center frequency (also called the resonance
frequency) is approximately 𝑓𝑓 ≈ 1/(2𝜋𝜋√𝐿𝐿𝐿𝐿). This means that the RF generator has some

optimal frequency that is dependent on the capacitance of the ion trap capacitor network. This is
shown in the figure below where the voltage response was calculated for three different
capacitance values. From the figure it can also be concluded that if the control frequency is not
set to exactly twice the center frequency, the RF generator output will be attenuated. To find the
center frequency (which I have found to give the best results), simply set the RF to a large
amplitude using the RF voltage control then adjust the RF frequency until a maximum voltage is
found.
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Figure 7-5: An example of the normalized voltage amplitude for an LRC circuit with three
different capacitance values. Larger values of C correspond to slower frequencies.
The RF voltage amplitude is controlled through a Stanford Research Systems (SRS)
arbitrary waveform generator model DS345. The RF amplitude is proportional to the voltage on
the ext voltage control cable with 5 V being maximum output and 0 V the minimum. So, the SRS
function is set to ARB (arbitrary) in order to create a vector of different voltage points over a set
amount of time. By setting the sweep/modulate to burst with a trigger input source to positive
and attaching the BNC to the external trigger port on the back (found under “INPUTS”), the SRS
output will be synchronized with the other electronics. The output of the SRS is attached to the
ext control cable of the RF generator.
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Figure 7-6: Stanford Research Systems (SRS) DS345 synthesized function generator. Refer to
the SRS online documentation for more information.
Each arbitrary point in the vector has two components: x (which looks like “h” in the
vector menu) and y. The y component corresponds to an actual voltage through the equation
𝑉𝑉𝐴𝐴
𝑦𝑦
𝑉𝑉 = � � �
� + 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 ,
2 2048

(7-1)

where V is the voltage output, VA is the voltage amplitude, Voff is the offset voltage, and the y is
the arbitrary waveform coordinate (which is an integer value between -2048 and 2047). The x
component represents a specific point in time from the beginning of the scan and can range
between 0 and 16299. The equation for the time value of x is
𝑥𝑥
𝑡𝑡 = ,
𝑓𝑓

where f is the frequency, x is the arbitrary waveform coordinate, and t is the time from the

(7-2)

beginning of the scan. As a quick equation, suppose a coordinate of (2000,500) was set with a
frequency of 200 kHz, amplitude of 5 V, and an offset of 1 V. The resulting waveform would
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then reach a voltage of 1.61 V about 10 ms after the beginning of the scan. So, using this
method, the RF voltage amplitude is fairly easy to control.

7.1.3

AC Generation and Control
The AC resonance signal has been generated using an Agilent 33250A and an SRS model

DS345 where the output of the function generator is connected to a filter that protects it from any
RF coupling. Any waveform function generator will work as long as it contains a trigger function
with a burst mode option. This is necessary for a phase tracking condition with the RF that has
been shown to improve SNR. The specific phase tracking circuitry required depends on the RF
generator. The two examples employed at BYU are shown in Figure 7-7 including the version
described in Chapter 5.

Figure 7-7: Two methods for phase tracking circuitry where the RF trigger is driven by the RF
(left) or the RF frequency control (right).
If an RF generator includes a frequency control option as seen in Figure 7-7, then a
simple RF trigger could be based on a flip-flop circuit. A simple block diagram is included in
Figure 7-8. This assumes that the RF generator frequency is equal to one-half the RF control
frequency value. Basically, the RF frequency control is attached to the clock of a toggle flip.
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When the square wave of the RF frequency control transitions high, the output of the flip-flop
will switch values (i.e. high to low or low to high), thereby halving the frequency of the RF
frequency control so that the RF trigger frequency matches the RF frequency. The output of the
circuit can then be attached to the AC function generator.

Figure 7-8: A simple toggle flip-flop circuit to halve the RF frequency so the RF trigger matches
the frequency of the RF generator.
7.1.4

DC Power Supply
Currently, the DC voltage for the end bar electrodes is being provided by an Agilent

33250A function generator. This is so the DC voltage can be adjusted after a scan to help dump
ions from the trap. The output of the Agilent is connected to an RC filter to attenuate any RF
coupling. For the experiments, the Agilent output waveform was set to either sine or square
waves. The offset value was +5.0 V. The amplitude was then set at the maximum value possible.
The sine/square wave output was gated so only the DC offset was present during a scan. The gate
functionality is available through the “Burst” menu and, when set to external, requires an outside
signal to be connected to the ext/trig port on the back (number 5 in the Figure).
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Figure 7-9: The backside of the Agilent 33250A. The external trigger port is labeled as number
5. Refer to the online Agilent documentation for more information.
7.1.5

Electron Gun Control
The electron gun (e-gun) is responsible for the ionization of the samples, so it is

important to understand how to control the e-gun functions. The e-gun is comprised of a tungsten
filament that, when heated, releases electrons. In the current setup, the number of electrons
released corresponds to the amount of current being supplied to the filament by the e-gun power
supply. The energy of the released electrons is related to the voltage of the e-gun power supply.

Figure 7-10: A block diagram of the electron gun control. This setup is not uncommon for
electron beam ionization methods.
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Since the filament is constantly emitting electrons, it is necessary to gate the electron
emission. This is done by applying a positive charge to attract the electrons (i.e. turn off
emission) or a negative charge to allow electrons to pass. In the current setup, an SRS DS345
communicates with a DEI (Directed Energy, Inc.) GRX-1.5K-E high voltage pulse generator to
create the gate. Two DC power supplies produce the positive and negative voltages for the DEI
while the SRS outputs 5 V to turn on electron emission and 0 V to turn it off. The SRS output is
setup as an arbitrary waveform using the equations from the RF Generation and Control subsection.

7.2

VAC Glovebox
The Vacuum Atmospheres Company (VAC) glovebox in the BYU integrated

microfabrication laboratory (IML) is used for devices or processes requiring low oxygen
environments. The figures in this sub-chapter are pictures of the glovebox system which outline
the basic functions and operations. The pictures all have a yellow hue because the VAC
glovebox is located in a photolithography safe area of the IML. For more information regarding
specific components of the VAC glovebox, contact VAC directly.
Figure 7-11 is a view of the VAC glovebox in the BYU IML with some of the vital
components labeled. The labeled components are:
1. Glove inserts
2. Oxygen analyzer (also shown in Figure 7-12)
3. Nitrogen pressure control (also shown in Figure 7-13)
4. Vacuum chamber inlets (also shown in Figure 7-14)
5. Vacuum chamber
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All the labeled components are simple to use with some pointers. The gloves should be capped
(as shown in Figure 7-11) because physical space around the glovebox is limited. The oxygen
content has been experimentally deemed viable lower than 70 ppm but should preferably be kept
in the single digits. The nitrogen pressure should be kept above atmosphere so that ambient
oxygen does not enter the glovebox. When venting the vacuum chamber, close the vacuum valve
then open the glovebox valve slowly, otherwise oil will spill into the glovebox from the pressure
control shown in Figure 7-15.

Figure 7-11: a view of the VAC glovebox in the BYU IML with the gloves (1), oxygen analyzer
(2), nitrogen pressure (3), vacuum chamber inlets (4), and vacuum chamber (5).
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Figure 7-12: VAC Glovebox Oxygen Analyzer. Less than 70 ppm is acceptable

Figure 7-13: Nitrogen pressure control. Use the knobs to adjust the acceptable range of nitrogen
pressure (indicated by the red lights on the bottom) in the glovebox. The pressure must be set
above atmosphere to prevent ambient oxygen from entering the system.
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Figure 7-14: Vacuum chamber inlets with the glovebox valve closed and vacuum valve open. To
vent the chamber, close the vacuum valve then slowly open the glovebox valve. If the glovebox
valve is opened too quickly, oil will spill into the glovebox, so be careful.

Figure 7-15: Oil for pressure normalization/control—keep above marked line
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There are two methods to remove oxygen from the glovebox. The first is to cycle the air
by pumping down vacuum chamber then venting from the glovebox. The glovebox will replace
the lost air (including any stray oxygen) with nitrogen. The second is to use the system provided
by the glovebox shown in Figure 7-16. Basically, the device shown contains beads which tie up
the oxygen. However, the beads can be saturated and require a regen where the beads are heated
while hydrogen gas is introduced to the system. The hydrogen bonds with the oxygen to form
water molecules which evaporate from the beads in the hot environment. Instructions for the
regen are provided by VAC on the glovebox.

Figure 7-16: the oxygen removal system attached to the glovebox.
7.3

Rubidium Absorption Optical Setup
The optical setup to test for rubidium absorption has gathered data for multiple research

papers regarding rubidium capillary transport and rubidium packaging [159-162]. The results of
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those experiments assisted in the development of hollow-core optical waveguides for on-chip
atomic spectroscopy [67; 163; 164]. This sub-section attempts to document the setup for any
researchers that may want to use it in the future.
Figure 7-17 is a picture of the optics setup including laser, filter, bulk cell, and hotplate.
The laser is passed through the filter to reduce the power. Then, the beam is split into four
channels: one passes through the bulk cell as a rubidium absorption reference, one is used as a
noise reference, and the last two can be used to gather data. The hotplate is set to 90 degrees
Celsius in order to vaporize the rubidium. The detectors are powered by batteries.

1

2

4
3
Figure 7-17: A view of the optical setup with the rubidium bulk cell (1), hotplate (2), laser filter
(3) and laser (4). The detectors are powered by batteries.
The detectors output the laser intensity on the detector surface as a voltage which is
sampled by the ADCs. The digital ADC outputs are sent to a Texas Instruments LabView card
inside the computer. Figure 7-18 is a picture of the ADC board and the voltage power supply.
The ADC sample period is synchronized with the Thor Labs laser diode controller through a
function generator. This is shown in Figure 7-19. The function generator is set to a ramp function
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with a 70 mVpp waveform at 17 Hz with 100% symmetry. The ADC trigger is connected to the
sync terminal and the laser controller is connected to the function generator output. The Thor
Labs box is controlled via LabView on the computer.

Figure 7-18: Detector connections to the ADC board and voltage power supply.

Figure 7-19: Function generator (left) and Thor Labs laser diode controller.
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To begin a rubidium absorption test, first switch on the detectors and turn the hotplate on
to the desired temperature (typically 90 degrees Celsius). Next, turn on the ADC voltage supply,
the function generator, and the Thor Labs laser diode controller. After turning on all of the
hardware, log into the computer and find the folder on the desktop labeled “OpticsResearch”
near the middle of the screen shown in Figure 7-20. That folder contains all of the necessary files
to perform a rubidium absorption test. Figure 7-21 shows the first set of folders inside
“OpticsResearch”. The two most important folders are “LabView” and “Matlab” which
obviously contain LabView and Matlab scripts. The LabView program used for the rubidium
absorption tests is located inside the “LabView” folder and is called Rb8ChannelScan as shown
in Figure 7-22.

Figure 7-20: The “OpticsResearch” folder which contains all of the necessary files to perform a
rubidium absorption test.
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Figure 7-21: The first set of folders in the “OpticsResearch” folder.

Figure 7-22: The LabView code for the rubidium absorption spectrum is called Rb8ChannelScan
and is located inside the “LabView” folder inside “OpticsResearch”.
Double click on the LabView program to open up the initial terminal, then press on the
white arrow underneath the Edit menu (the arrow is shown in Figure 7-23 for reference). This
starts the LabView program with the terminal shown in Figure 7-24. For simplicity, Figure 7-24
has been divided into multiple sections in order to explain the full functionality of the program.
Note that the program is not perfect, but it is useable and useful.
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Figure 7-23: Press the white arrow beneath the Edit button to start the LabView program.

Figure 7-24: The Rb absorption LabView program after pressing the white arrow
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To prepare for a scan, first designate the file location for the data in the box shown in
Figure 2-25. Follow good recording practices by designating the folder or subfolder in an
understandable manner. Then identify the channels to be used like Figure 7-26. Channel 5 is
reserved for the bulk cell (and should be labeled bulk) and channel 7 is reserved for the power
reference detector (and should be labeled ref). The Matlab code searches for those two terms
specifically. Channels 0 and 2 can be named anything arbitrary, but unused channels must be
named null.
To save a spectrum scan press the “Save Scans” button so that the indicator turns green.
If that button is not pressed, then the spectrum will not be saved (this is advantageous when
aligning the optics or doing preliminary tests). To turn on the ThorLabs laser diode controller,
first press the TEC Power button. This activates the thermal environment control (TEC). The
LabView code deliberately pauses after this button is pressed to allow the temperature to reach
equilibrium. Next, press the laser diode (LD) power button to turn on the laser. A word of
caution, the laser is very powerful and can cause eye damage with prolonged exposure, so only
press this button when necessary.

Figure 7-25: The LabView functions to save the scans, indicate the file path, turn on the thermal
environment control (TEC), and laser diode control (LD).
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Figure 7-26: The scan controls, channel identifies, and channel select features
Testing can begin once the ThorLabs laser diode controller has been activated. This is
done by pressing the start scan button shown in Figure 7-27. A quick warning, do not press any
buttons after start scan except stop scan, otherwise the LabView program will crash. Also shown
in Figure 7-27 is the laser diode current and temperature set points. Both of those controls will

110

affect the output wavelength spectrum of the laser diode and should be adjusted such that the
rubidium absorption spectrum is shown on the LabView visualizer. Also shown in Figure 7-27 is
the “error out” section where LabView outputs error codes.

Figure 7-27: Laser diode control options, start/stop scan buttons, and error out
The LabView code can also be put into a loop mode using the automation commands.
This is useful for tests of a single device over a long period of time (as long as the optical setup
remains operational). Figure 7-28 explains the operations of this feature rather well. Pressing the
Auto button starts the automatic testing immediately. After a test is completed, a timer is started
with the value located in the “Minutes Between Tests” box, the “waiting for Next Iteration” light
will turn on, and “Saved” will indicate whether the scan was successfully saved or not. Once the
timer has finished counting, a new test is started and the process repeats.
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Figure 7-28: Automation control for the Rb absorption test setup.
The most important part of the program is, obviously, the visualizer which shows the
amplitude of the signals received and the time when the sample was taken. This is shown in
Figure 7-29. The amplitude of the signal is represented in the y-axis and the time in x-axis. The
x-axis also correlates to the wavelength of the laser diode starting with longer wavelengths and
ending at shorter wavelengths. The amplitude range in Figure 7-29 is dynamic and changes
based on the amplitude of the available signal.
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Figure 7-29: The visualizer of the LabView program. The amplitude of the signal is represented
in the y-axis and the time in x-axis. The x-axis also correlates to the wavelength of the laser
diode starting with longer wavelengths and ending at shorter wavelengths.
The Matlab code to analyze the rubidium absorption spectrum data is located in the
“Matlab” folder in “OpticsResearch”. There are more than several Matlab scripts that various
researchers have worked on, but the default program is titled postSpectroscopyAnalysis. The
basic operations of this script are outlined in the work by Hulbert [159]. So, basically, this
paragraph and Figure 7-30 are included to simply point out which file to use when first starting
out.
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Figure 7-30: The Matlab code used to analyze the data gathered by the LabView program is
processed using the postSpectroscopyAnalysis script.
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Ion trap mass spectrometry is a vast and rich field but remains primarily confined to
benchtop devices. Portable mass spectrometer systems would enable in situ mass analysis for a
host of applications. To this end, many ion traps have been miniaturized in order to decrease the
RF power consumption and increase the operating pressure, or, in other words, use smaller
batteries and vacuum pumps. The microscale planar linear ion trap (µPLIT) was developed to
push the boundaries of ion trap miniaturization and, perhaps, be used in a portable mass
spectrometry system.
My contributions to the µPLIT first involved optimizing the assembly of the unscaled
PLIT to include a single-sided design complete with a tapered ejection slit and wire-bonded
electrical connections. This “full-sized” PLIT exhibited resolutions of 0.5 Da (i.e. it could
separate isotopes). Then, in anticipation of signal loss due to future miniaturization, I developed
an RF phase tracking system to induce phase-enhanced double resonance ejection thereby
increasing SNR without modifying the PLIT geometry or RF distribution. Lastly, I miniaturized
the PLIT to a microscale radius of 800 μm. This decreased the RF power consumption in the trap
by a factor 3.38 while maintaining resolutions between 2-3 Da which, although not optimal, is
still viable for portable mass spectrometry.
The µPLIT is not a perfect device and requires further research in order to be
commercially viable. The total mass range of the µPLIT and the multipole components must be
calibrated. Experiments using atmosphere or nitrogen as a background gas instead of helium
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have not been performed and, if the µPLIT proves viable under those conditions, would allow a
portable mass spectrometer to forgo any helium canisters. Additionally, the ceramic plates used
in the µPLIT are fragile due to machining the tapered ejection slit. A different method of
fabricating the ceramic plates could improve the device yield. For example, injection molding,
some sort of anisotropic etch of a dielectric crystal, or laser cutting.
Further interesting research with the µPLIT not connected to commercialization could
involve adding substantial odd-ordered multipole components to the potential by asymmetrically
distributing the RF across the µPLIT. The electrode traces of the µPLIT are not sacrosanct and
could be altered to resemble an oval racetrack instead of an LIT. And, obviously, the µPLIT
could be miniaturized further to a radius of about 500 µm—so long as the tapered ejection slit
can be fabricated successfully.
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APPENDIX A

A.1

Optimized Fabrication Procedure for the Planar Linear Ion Trap

A.1.1 Clean Wafers
1. Glass
a. Gently scrub alternating between Acetone and Isopropanol Alcohol (IPA) using
sponges and cotton swabs.
b. Rinse with water then blow dry with Nitrogen
c. Inspect under a microscope for remaining particles or possible defects (repeat
cleaning if necessary)
2. Ceramic
a. Gently scrub with Alconox detergent, rinse, then soak in water for 2 min.
i. Soak the Alconox in water for at least 1 hour to remove any grit
ii. Only use sponges to scrub
b. Only let the sponge touch the surface, otherwise small scratches may appear in the
polished ceramic surface
c. Spray plates with Acetone then IPA, rinse, then soak in water for 2 min.
d. 2 min dip in H2O:HCL (hydrocholric acid) mixture ratio 10:1. Rinse, then soak in
water for 2 min.
e. 2 min dip in H20:NH4OH (Ammonium Hydroxide) mixture ratio 10:1. Rinse,
then soak in water for 2 min.
f. Rinse with IPA, then blow dry with Nitrogen
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A.1.2 Deposit Aluminum
1. Dehydration bake
a. Place in vacuum oven at room temperature
b. Set temperature to 100 C
c. Vacuum to at least -20 Hg.
d. Leave for 12 hours at least
2. Oxygen plasma descum for 60 seconds at 50 W
3. Tape onto silicon wafer, then tape into chamber as depicted below

Figure A-1: Ceramic ion trap wafer taped onto a silicon substrate for aluminum deposition.

Figure A-2: Ceramic ion trap wafer with silicon substrate tapped into the thermal evaporator in
the BYU cleanroom.
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4. Thermally deposit Aluminum using the Thermal Evaporator
a. 10 A/s deposition rate - never below 6 A/s
b. 1 um minimum for glass, 2 um for ceramic
5. Be sure to unload the Thermal Evaporator slowly to avoid oxidation
6. Remove tape as shown

Figure A-3: Ceramic wafer after aluminum deposition and tape removal.
A.1.3 Photolithography
1. Dehydration bake
a. Place in vacuum oven at room temperature
b. Set temperature to 100 C
c. Vacuum to at least -20 Hg.
d. Leave for 12 hours at least
2. During dehydration bake, prepare silicon wafers
a. Spin clean silicon wafer with Acetone/IPA
b. Place buffer tape and connection tape
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Figure A-4: A prepared silicon wafer with buffer tape for photolithography
3. Tape plates onto silicon wafers
4. Photolithography recipes
a. AZ3330 - (rarely used)
i. 1 min, 4000 rpm, accl 1000
ii. 90 C for 1 min then detach plate from wafer
iii. 90 C for 1 min
b. AZ4620 - (Ceramic and glass)
i. 1 min, 1800 rpm, accl 100
ii. 70 C for 1 min then detach plate from wafer
iii. 70 C for 1 min
iv. 90 C for 1 min
v. 110 C for 1 min
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Figure A-5: Ceramic wafer after photoresist spin that is still attached to the silicon wafer (left)
and the ceramic wafer at the end of the first bake cycle (right).
5. Rehydrate for 20-30 min by placing a wet cleanroom towel in the cubby with the wafer
(not on it, just somewhere near it)
6. During rehydration, remove all tape from silicon wafer and clean with IPA/Acetone
7. Place silicon wafer onto aligner, vacuum, then place the plate on top of the wafer for
photolithography (yes, the plate is floating on the silicon wafer)
8. Expose
a. AZ3330 - 15 seconds
b. AZ4620 - 1-2 min
9. Develop
a. AZ3330 - 300 MIF
b. AZ4620 - 400K 4ish minutes
10. Inspect under a microscope - make sure the electrodes are all intact
11. Hard bake
a. 3 min 90 C
b. 3 min 110 C
A.1.4 Etch Aluminum
1. Place in aluminum etchant until undesired aluminum is removed
2. Gently rinse with Acetone/IPA to remove the photoresist
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Figure A-6: Ceramic wafer after the wet aluminum etch.
A.1.5 Cut to Size
1. Using the Disco dicing saw, cut square plates out of the wafers
a. Use the outer square as alignment guides
2. Cut as close to the DC end bars and wire bonding sites as possible as shown below

Figure A-7: A diced ion trap plate
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A.1.6 Deposit Germanium
1. Rinse with IPA/Acetone
2. Dehydration bake
a. Place in vacuum oven at room temperature
b. Set temperature to 100 C
c. Vacuum to at least -20 Hg.
d. Leave for 12 hours at least
3. Plasma descum for 60 seconds at 50 W
4. Tape to the backside of the plate holders
a. This should protect a small portion of the bonding sites from the germanium
deposition

Figure A-8: The diced ceramic plate taped to the backside of the plate holder.
5. Using electron beam deposition, deposit 100 nm of germanium
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Figure A-9: Diced ceramic plate after germanium deposition. Notice the exposed aluminum for
wire bonding.
A.1.7 Attach to PCB
1. Using Torr Seal vacuum compatible epoxy, attach each plate to one of the PCB
a. Use the assembly holes in the plate and PCB as alignment marks
b. Be sure to align each of the wire bonding sites on the plate to the correct location
on the PCB (the PCB includes labels, so it should be self-explanatory)
A.1.8 Wire Bond Electrodes to PCB
1. Wire bond at least three connections between each copper pad on the PCB and wire
bonding site on the plate
2. Be extremely careful with the plate after this point as the wire bonds are fragile to the
touch.

Figure A-10: A completed microscale planar linear ion trap plate.
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